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Introduction

The papers included in this final report describe in
cetail the research on stimulated Raman emission and absorp-
tion., as well a5 on normal Raman spectroscopy, carried out at
the Department of Physics, University of Toronto in the period
1 June 1955 to 31 August 1969,

The main research centred on the comparison of experi-
mental gain measurements with theory. Towards this end,
materials were chosen in which the stimulated Raman effect
was the dominant preocess. These included liquid 02, Nz, and
a crystal of diamond. The normal Raman linewidths were mea-
sured using He-Ne 6328 R excitation and a Fabry-Perot
spectrometer. Intensities of normal and stimulated Stokes
radiation were measured and Very good agreement with theory
was obtained,

Several problems concerned with the angular distribution
of Stokes and anti-Stokes radiation were undertaken. Diamond
was found to be an ideal material for this study. Again, the
results were in good accord with theory. Also, “'surface’
radiation in the Kaman emission from filaments was observed
in liquid mixtures and this showed the same ancular distri-
bution as Cerenkov radiation.

A brief study of the duration time and birefrimence of

filaments in liquid CS2 was undcrtaken. Also, fraqueacy



ii.

broadening by a short light pulse was investipated and ex-
plained ky phase modulation of the intensity-dependent re-
fractive index in filaments.

Techniques were also develnped which may be of impor-
tance in Raman spectroscopy. Raman scattering in the forward
direction was shown to be free from Doppler broadening and n
effective resolution of . 0.04 cm ) was achieved. This is a
factor of 10 improvement over carlier work. High-speed Raman
spectroscopy was shown to be possible using the inverse Raman
effect and complete Raman spectra of liquids and solids were

o, ]
phtographed in times as short as 40 x 10 ~ sec.
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FREQUENCY BROADENING IN LIQUIDS BY A SHORT LIGHT PULSE*

Fujio Shimizut
Department of Physics, University of Toronto, Toronto, Canada
(Received 15 September 1967)

Several authors have reported the observa-
tions of frequency broadening in filaments which
were produced by the self-focusing of a Q-
switched laser in lignids.:"* This broadening
has been attributed to the generation of new
frequency components through an intensity-de-
pendent refractive index and stimulated Ray-
leigh scattering.!** Theories of the frequen-
cy broadening in an optical pulse by an inten-
sity-dependent refractive index have been giv-
en in connection with the pulse distortion.%®
But comparison of experiment with theory has

JX525 1-4

been difficult, because the broadening is usu-
ally irregular and the observation of the spec-
trum in filaments is obscured by the strong
background. We report here the observation
of the frequency broadening in a filament with
short duration time, under such experimental
conditions that the intensity of the stimulated
Raman emission ir. the filament is much less
than that of the laser. The structure of the
frequency spectrum shows a pattern which can
be explained by phase modulation through the
intensity -dependent refractive index.
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A @-switched ruby laser beam with dlame-
ter 3 mm was uged to produce filaments in
a carbon disulfide liquid cell of 7.5 c:i length,
The intensity distribution of the lighc at the
end of the cell was projected on the entrance
slit of a spectrometer using a 5.2-cm focal-
length iens with magification of 17. In order
to eliminate the nonscattered part of the laser
beam from that in filaments, a wire with di-
ameter of 1 mm wus placed at the focusing point
of the lens perpendicularly to the slit of the
spectrometer. The entrance slit was wide open
(about 2 m':). The resolution of the spectrum
was determined from the magnitude of the im-
age of the filament. The laser beam was com-
posed of four wr five groups of axial modes,
the separaticn of the groups being approximate-
ly 0.45 cm™!. With this mode structure the
intensity of the laser beam changes consider-
ably within the time interval 1A~ where Av
is the total spectral width. Therefore at rel-
ativeiy low laser power the duration time of
the filament i8 expected to be 10~!! gec or less.
(In the present experiments the laser power
was kept lower than 50% above threshold for
cbservations of optical trapping.) The total
energy of a filament estimuted from the photo-
graphic emulsion sensitivity is less than 10~7
J. Since the threshold for optical trapping in
carbon disulfide is approximately 2 to 20 kW,
this energy also leads to a duration time of
the order of 10~ gec.

Typical spectra of the individual filaments
in carbon disulfide are showa in Fig. 1. A
regular periodic structure is observed in the
low-frequency side of the broadening in every
filament, when the broadening is smaller than
the Raman shift. The period in a filament in-
creases linearly with the amount of the broad-
ening from the center. The average pericd
for most filaments is 103 cm~?! irrespective
of the total magnitude of the broadening. The
ratio between the intensity maxima and mini-
ma is at least 10. Most of the energy {about
90%) lHes in the low-frequency side. The over-
all intensity is fairly uniform throughout the
low-frequency side with an intensity maximum
at the low-frequency extremity. In most cas-
es an intensity peak is also observed at the
laser frequency itself. A periodic stricture
but with larger spacing is also observed in the
high-frequency side. The structure is smeared
out when the low-fi'equency broadening is rei-
atively large.

1058
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FK. 1. & -tra of filaments in CS, excited with a

single laser pulse. The vertical structure is produced
by individuai filaments occurring during the puise.
The frequency broadening {and periodic structure) is
displayed in the horizontal direction and is evidently
different for each filament. The image of the slit and
the low-frequency side of the spectrum (at left) are at-
tenuated by factors of 41 and 3, respectively, in com-
parison with the high-frequency side of the spectrum,
(Some of the vertical fine structure within each fila-
ment is caused by diffraction by the masking wire
placed at the focus of the objective lens.)

The regular periodic structure was usually
obrerved only when the total spectral wicth
of the Inser radiation was fairly large. When
filaments were produced by a laser with only
two axial modes (separated by 0.8 cn™), the
spectra of the filaments had a strong nonshift-
ed center and were accompanied by a strong
Raman Stokes spectrum. The structure in the
spectrum was usually not as regular as observed
in Fig. 1. When a single-mode laser was used,
only a slight broadening wa observed.

DeMartini et al.® have discussed pulse dis-
tortion by the intensity-dependent refractive
index and have given examples of the numer-
ical calculation of the frequency broadening
where the distortion is fairly large. Since the
amount of broadening in the present experiment
is 2t mos? 5% of the laser frequency, we hive
treal the frequency broadening in the lowest
order approximation neglecting the distortion
of the intensity envelope. We will also discuss
the mechanism of the periodic structure observed.
The frequency broadening occurs through the
phase modulation which is the result of the
inhomogeneous phase velocity within a pulse.
After a light pulse travels a distance L in the
liquid, its phase is modulated by the intensi-
ty-dependent refractive index, as

b = (=k/ng)Lon,

where k, is the wave vector of the initial laser
beam in vactum and 6n is the change in the

JX525 2-4
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refractive index given by
nart ., 2 -{t-'Yr
=) arwPene U1

In the above expression 7 is the relaxation time
and n {FY is the stationary value of the inten-
sity -dependent refractive index. As an exireme
case, if 7=0, the instantaneous {requency shift
d8¢ ‘dt is proportionai to —d{(E%/dt and the fre-
quency broadening occurs on either side of the
center frequency, On the other hand, if 7is
sufficiently iarge, d& /¢t is proportional to
={E? and the frequency broadening occurs on-
Iy 1o the low-‘requency side. The explanation
uf the periodic structure follows from a gen-
eral consideration of a phase moduiated wave.
When the broadening is much iarger than the
inverse of the duration time of a pulse, the
niain contribution to the Fourier transform

of E(1), JE()exp{-i(w,+ bw)tldt, at a particu-
lar angular frequency w,+ 6w comes from the
integrals around the points at which the instan-
taneous frequency shift déw/df is equal to 5w.
For a pulse with a simple intensity envelope
the condition d8¢ d! = 8w is satisfied at two
points /, and /,, for 6w <0. If we write values
of integrals for these two parts as J, exp(i¢,)
and J,exp(ii,), respectively, the power spec-
trum is proportional to 1, + It + 21,1, cos ¥y~
¢,), where ¢,-{, is expressed approximaiely

by

g=ty = {6 (1) =80 (t D} =it ,=1,) bw.

The right-hand side of this expression is a
steadily increasing function of 3« with positive
second derivative. Therefore the interference
term, 21/ cos(¥,-¥,), produces a periodic struc-
ture in the spectrum with increasing spacing
towards the low-frequency side. It can also

be shown that the spectrum has its intensity
maximuin at the low-frequency extremity where
the derivative of db¢/d! equals zero. If the
pulse is symmetric, the minimum intensity

in the periodic structure will be exactly zero.
Although this is not the case for the pulses

in Fig. 1, we may conclude that the pulse is

not extremely asymmetric, because the ob-
served ratio between the intensity maxima aad
minima is at least 10. The duraticn time of

the filament is approximately the inverse of

the average period in the low-frequency side,
and is determined to be 6x 10~ gec. The high-
frequency side can also be periodic, it 7is

JX525 3-4

short enough compared with the duration time
of the pulse.

In order to determine precisely the behavior
of the broadening, more accurate measurements
are necessary. Several factors, such as the
temporal chaage in the intensity of the puise
and the deviation froni the assumption of the
simple relaxation time, which are not includ-
ed in the above analysis, should be taken intc
account. A pulse with shorter duration time
would be useful in order to study the dynamic
behavior of the intensity -dependent refractive
index in liquids.

1t should be noted that among the liquids in-
vestigated (carbon disulfide, toluene, benzene,
nitrobenzene, and mesitylene), the regular
periodic patterns were observed in every fil-
ament in carbon disulfide only (alsc in some
filaments in toluene). In all of these liquids,
except carbon disulfide, a strong stimulated
Raman emission was observed in each linear
filament and the laser spectrum was either
broad and irregular or very narrow. These
observations can be explained if in curbon di-
sulfide the laser pulsc is not distoited appre-
ciably by other nonlinear effects, such as stim-
ulated Raman scattering, during the nrecess
of frequency broadening. In comparison with
the other liquids, carbon disulfide has a large
intensity -dependent refractive index (and the
relaxation time for the relevant process is
shert). On the otber hand, carbon disulfide
has a relatively large gain for stimulated Ra-
man scattering. However, this large gain is
mainly due to the extremely narrow linewidth
{~0.48 ¢cm™1).* When the stimulated Raman
effect is excited by a pulse with a duration short
compared with the relaxation time for the Ra-
man process, the amplification is determined
by the Raman cross section which is not zo
large in carbon disulfide compared with that
in other liquids. Furthermore, since carbon
disulfide has a large dispersion, the laser and
Raman Stokes waves cannot long retain their
favorable phase relation for maximium ampli-
fication of the Stoies wave. For these reasons,
it is believed thai distortion of the laser pulse
is a minimum in carbon disulfide and results
in the observed frequency broadening.

The author is greatly indebted to Professor
B. P. Stoicheff for valuable discussicns and
for assistance with the manuscript and to Mr.
A. K. McQuillan for assistance with some of
the experiments.
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CORRESPONDENCE

Angular Distribution of “Surface” Radiation in Stimulated
Raman Scattering

Abstracit—Anti-Stokes emission in sharply defined comes has
been observed from fine filaments in & mixture of acetone with S to
10 percent CS.. The cone angle is in agreement with the momentum-
matching condition ¢:at the longitudinal bu¢ not the transverse
coniponents sum to zero.

The emission of anti-Stokes radiation durving the stimulated
Ramun process is known to ocent in two specific diveetional distribu-
tinns which are strongly dependent on the experimental conditions.
One type, the Class T distribution, has been observed in caleite, B
in diamond, 2! and in several Eiquid%m when suitable feedback of
Stokes radiation is prcﬂcnt. and 18 in good agreement with theary,
A BUtulid l“"\rlu"'lu“ ‘bl.& Il) s e olbweived lll fll Y
liquics; 3114 it oceurs at larger angles than the Class I but is ot
well understond.

A distribution of anti-Stokes emission different frem Class I and
arising from “surface” radiation has been proposed by Szoke. B! In
stimulated Raman emission, “surface” radiation nt the anti-Stokes
frequency may be genersted {rom laser and forward-directed Stokes
radiation. The anti-Stokes emission is at an nngle 8, given Iy the
equatiott

ky cos 6 = 2k, ~ k., (1)

where ko, &, and £, are the wave veetors of the luser and first-order
Stokes and anti-Stokes radiation. This relation implies that ths
longitudinal, but not the transvorse, components uf the phase
velocities sum to zere, 1t a condition whicht coulil be satisfied wuen
Stokes radiation is strongly directional and parallel to ihe incident
iaser wave, ¢! as would be the ease for Stokes radiation in a filament,

We repott here the observation of “surface’ radiation in stimu-
iated Raman seattering witb mixtures of acetone and carbon
disulfide. We have observed fist-order anti-Stokes emission in
sharply-defined cones in the forward direction at the angle @ given
by (1), At the sanu time, first-order Stokes radiation lLias bren
cbserved in very fine filaments produced by self-trapping of the
radiation. The radiation used in these experiments was produced
by a giant-pulse ruby laser. The laser pulses Lad a duration of ~40
ns, & power output of ~5 MW and a spectrum composed of one
stroug axial mode with one or two weaker modes. The liquids used
were pure acetone and various concentrations of carbon disulfide
in acetone, in cell lengths of 10 and 20 cm.

In pure acetoue, usuaily only Class I distribuion of anti-Stokes
radiation was produced. An oxamplo of the far-field “ring™ pat-
tern is shown in Fig. 1(a). When a small amount (5 to 10 per-
cent by volume) of carbon disulfide is added to acetone, the angular
distribution is completely changed. Near threshold, it nsnally
consistg of a sharp ring (Fig. 1{c}) whose diameter is close to that of
surface radiation given by {1} At higher excitation the sharp
ring occura together with a broad .ing of smelier diameter (due to
Class 11 radi::tion) as shown in Fig. 1(b). The half-angle # of the

anuscript teceived March 22, 1968. This research is part of Project
DEH‘..\UFK under the joint lponmh; uf the Adv‘nced Resesrch Projects
Agency, the t7, 8. Offics of Naval he Departinent of Defense;

Na
it is also nu ported hy the Nnhonnl Rmh Council, Cavada, and the
University of Toronto.
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sharp rings cau be aceurately determined and appears to vary
slightly, from 6.5 to 6.3 X 1072 rad, in different photographs taken
with the 10 pereent ONe-nectone mixiare. (The half-anglo of the
broad ring is ~3.7 X 107 ral) According to (1) the angle @ is
ealculated to be 7.3 > 1077 rh, based ou the available dats of the
refractive index in this misture.il {(For pure acetoue, (1) gives
0 = 6.4 X 10 rad}

Similar experiments were earried out with evelohexane, another
hqmd known to cmit Clss I oradiation. B! in mixtures with €8,
again n sharp ring was ohserved, the measured emission angle
being 6.5 x 107 rd for 1 d poreent CS: mixture. Comparison with
the angle for surface rudiation, {1}, was not possible sinee refractive
index dats for the mixture are not available, but for pure eyclohexane
{1} gives 6.8 3 1077 rud,

Near-field photographs taken at the exit end of the eell 'l ig. 2

- e O Vaser, Srokds aad Ui Soke
radiation in the C¥;- .welunv mintires, and their absence in pure
acetour. Near threshold, the laser and Stokes tilaments are of
comparable intensity and oceur with dinmeters of 20 to 100 u. The
eorresponding auti-Ntokes filaments appear to have smuller diame-
eters, S 1o 16 u; they are of higher ictensity when they arizse from
the smail diameter Stukes filunents; also the narrowness of the
resulting rimgs indieates that (be emission region s 1 te 2 mm long,

A fnmane

reveutod o preEan

{a) (b {e)

Fig. 1. Far-feld "ring” patterns of anli-Slokes radiation iu :a} pure scetone;
thY 1€ percent CSacelene misture above threshold: ie) 10 pervent CSracetone
mixture near threshold. There is ro apparent difference in the spectral width
@t 3r = 2020 em ™) of the anti-Stokes stinulated radiation in b awd i),

2 mm

Fig. 2, \hmuhled. lelll em.mon lmm a 10 pecrent Ctracetone mnum
@)(brier p Iy, i) Near-tiehl p
nduuon ‘showing filaments and associated 't o ratterns. The dnﬁenm in
ring dianeters are due to the fact that the genvrating filamenta occur st different

from the exit window, (b) Near-fieki photigraph of Riokes radiation
{approximalely the ame magmﬁcalmu as xm\ A eomparison ~f (a) awd (h}
shows that the anti 3 rings from radiation in the filaments
of amallest dmmeter te) Far- held greph of anli
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The 1otal energy of Sokes raatation emitted from a small filament
w oestin ated to be ~10°¢ joule, while the energy of auti-Stokes
radiiation 15 ~ 1077 joule, The obscevation of filaments thus satisfies
the experimental condition necessnry for generation of anti-Stokes
radiation with the distributicon given by (1). Moreover, with ihis
fornation together with the gain in acetones! and the intensity-
depuadent refractive index of CR;, 0B it ean be shown that the
fractinal change of the wave vector due to the intensity-dependent
refractive mdex woulil deerease the angle 8 by about 10 percent,
ag observed,

The brond anti-Ntokes rings are also emitted from flaments, but
with Stokes radiation ~100 titaes a8 intense aa that of the filanents
giving rige to the sharp anti-Stokea rings. They appear to be pro-
duead in a long enrission region approximately 3 (o 10 mm.

At the lager power levels used in the pressnt experiments only
stimnlated radiation a. Av = 2020 em~t! wns observed in pure
acetone and i the mixtures with CS:; no stimnlated radiation at
Ay = 636 cm™! dne to Coy was detectable, The role of the C3; is
simply t3 produce filaments.

From the preeent observations we conchide that the sharp anti-
Stokes rings arise from ‘‘surface’ radiation. Not ouly are their
diameters it good ngreement with the condition that only the

IEEE JOURNAL OF QUANTUM ELECTRONICS, JUNE 1968

longitudinal compoaents of the phase veloeities sum to zero, but
they are also observed only in the presence of optical filainents ‘u
the hiquid mixture.

F. Smazy

U. Racnmany

B. . STolcHEFF

Dept. of Physics
University of 'Torunto
Toronto, Ontario, Canada
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RAMAN LINEWINTHS FOR STIMULATED THRESHOLD AND

GAIN CALCULATIONS*

W. R. L. Clements and B. P. Stoicheff
Department of Physics, Univrsity of Toronio
Turonio 5, Canada

{Received 14 February 1968)

Linewidths in the normal Raman spectra of several liguids of interest in stimulated Raman scatiering have been
measured including carbon disulfide, benzene, toluene. oxygen, and nitrogen. The spectra were excited with
6328-A radiation from a He-Ne laser and examined with a pressure-scanned Fabry-Perot interferometer.

While it has long been known that Raman bunds
of totally symmetric vibrations exhibit extremely
sharp lines even in liquids and solids, very few
studies of the normal Raman effzct have been con-
cerned with accurate linewidth measurements.
However, with the discovery of stimulated Raman
scattering’ there has been an increasing need for
such measurements since both the threshold for
stimulated scattering and the gain are dependent
on the linewidths appearing in the normal Riman
spectra. In the last few years, several linewidth
measurements for liquids’ and one for a solid*

{caicite) have been reported, all making use of

*This rescatch is part ol Project DEFENDER undet the joint
sponsorship ol the Advanced Research Projecis Agency, the U5,
Office of Naval Pesearch, and the Departnem of Delznse. Also
suppotied by the National Research Couneil. Canada. and the
University of Toromo,
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grating instrumeuts. In the present Letter we de-
scribe a method for normal Raman linev ‘dth meas-
urements which is capable of even highe: accuracy.
Radiation at 6328 A from a He-Ne laser is used for
excitation of. the spectra and a high-resolution
Fabry-Perot interferometer for measurement. With
this apparatus, linewidths of interest in stimulated
Raman scattering have been measured for several
liquids including carbou disuifide, benzene, wlu-
ene, oxygen, and nitvogen.

The experiimental arrangement is shown in Fig. 1.
It is based on the arrangement 1*sed by Chiiao and
Stoichiell* tor Brillouin spectroscopy and is similar
1o systemts usedd by Murray and Javan? and Ducu-
g et al® for Raman scattering with excitation by
argon-ian lasers. In the present arrangement. the
He Ne laser has a power output of 150 uW and a
linewidth ol 0.025 em™' (full-width at half inten-
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sity). The 6328 A radimion is isolated with a 10-A
band-pass hlice and retlecte:l o the sample celt.
For the organic liquids the cell is a quartz capillary
2.5 mm in diam and 50 cm in length which acts as
a hght guide for the incident as well us Jor the scai-
tered radiation. For liquid N, and O, the cell is a
simple Dewar providing a scattering length of 7
cm between two flat windows. Raman radiation scit-
tered in the backward direction is selected with a
100-A band-pass filter and analyzed with a pressure-
scanned Fabry-Perot interferometer. For CS,, O,
and N, the interferometer spacing was 2,950 nny,
fer Ny a larger spacing of 9.943 mm was also used;
for benzene and toluene the spacing was reduced 10
0.869 mm in order to increase the spectral free
raage to 5.76 cm™'. Pressure scanning with CO,
from vacuum to 2 atm provided a chart of four
interferometer orders when the 2.95-mm spacer
was used. The measured instrumemal width (imade
up of contributions {rom the laser width, Fabry-
Perot response function lor a reflectivity of 0.995,
and the size of the detector aperture) is 0.050 cm™*
a1 6328 A and at almost all of the Raman wave-
lengths. At the wavelength of the N, Raman line
(7423 A) the mirror reflectivity decreased to 0.923
resulting in a calculated instrumental width of 0.063
cm™! with the 2.95-nmun spacer and 0.038 cm™ with
the 9.943-mm spacer.

In Fig. 2 is shown the 656-cm™' Raman line of
CS, in two adjacent orders. The line is relatively
narrow and symmetric. It is superimposed on a
broad background made up of overlapping of the
wings of the line fromn different orders; in addition,

He-Ne LASER

_ AMETRES
GLASS PLATE _ :
WITH DOT MR v AL i—i

INTERFERENCE FILTERS

FABRY - PEROT

INTERFEROMETER
€0,
APERTURE % PHOTON —
COMM o LOMM] _ COUNTING,
Y. RECORDER
PHOTOMULTIPLIER

(¥ 130}

Fig. 1. Experimental apparatus for Raman linewidth meas-
urements.
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Fig. 2. Interferogram of the 656-cm ' Ramaa fine of liquid
C3.. Two adjacent orders are shown recorded with an inler-
ferometer spacer of 0.295 cm. The smooth 'ine is 1the compuled
spectrum.

several nearby Raman lines (at v45.9 cm™* due to
CS*25* and at 647.5, 652.7 cm ™! due 10 “hot” bands)
contribute to the low intensity peak observed he-
tween the adjacent orders of the 656-cm™ line. T
determine the Raman linewidth the observed spee-
trum was compared with a computed spectrum ob-
tuined by assuming a Lorentzian line shape and con-
voluting this with the instrumental profile. Various
Lorentzian linewidths were used in the calculations
until good agreement between the bserved and
computed spectra was achieved taking into account
the overlap of the different orders.

Similar computations were carried out for the
most intense Raman lines in the several liquids
studied here to obtain the values of full-width at
half intensity listed in Table 1. The estimated errors
of the linewidths are approximetely 5% of the meas-
ured widths although slightly larger for CgHg and
Q,. The 992-cin~! line of CgH, is the broadest of
those observed and is slightly asymmetric due to
overlapping by the much weaker lines at 983.6 cm™
of C3C!2H, and at 998.0 cm~! of a “hot” band. The
O, Raman line exhibited the lowest intensity of the
liquids studied, since the laser radiation falls in the
region of the strongest absorption band of liquid O,.

The narrowest Raman line observed is that of
liquid N,, equal to 0.067 * 0.004 cm™'. Its intensity
profile is shown in Fig. 3 where it is compared with

Table I. Linewidth Measurements of Totally
Symmetric Vibrational Raman Lines.

Full-Width at
Raman Shift Half Intensity
Liquids (cm™) (em™')
Nitrogen 2331 0.067 = 0.004
Oxygen 1555 0.117 = 0.008
Carbon disulfide 656 0.50 =002
Toluene 1002 1.94 +0.07
Benzene 992 2 =015
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Fig. 3. Interfcrogram of the Raman line of liquid N, re-
corded with an interferometer spacer of 0.295 cm. The smoolh
line is the computed intensity profile.

that of the computed line. 1t may he noted that the
same linewidth was obtained for both forward and
backward scattering within the quated experimen-
tal error. This value of the linewidth together with
the relativeiy high intensity of the N, Ramaun fine
indicates perhaps one of the lowest thresholds for
stimulated Raman emission and one ol the highest
gains.

The linewidth of 0.50 cm™ obtained for liquid
(S8, is especially noteworthy in relation to the gain
in stimulated Raman scattering. Although the re-
cent litera'ure® gives finewidths as nanow as 0.9,
1.0, and {4 cm™, the value usually used in gain
calenlations is 3 cn™'. The present measurement

shows that the linewidth is approximately 1/6 of
this value and hence the gain is « factor of 6 farger
than that quoted in the receat literature.”

In conclusion we should like to point out that not
only does this method allow the accurate measure-
ment of relatively narrow Raman lines in liquids
(with possible extension to gases and solids) but it
also provides a means of studying line shapes.

We are very grateful 10 G. 1. A, Stegeman for
the computer program used in the analysis.
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In liquid O, and N, the threshcld for stimulated Raman emission {8 found to be much lower

than for other nonlinear processes.

Thus it is possible to make reliable measurements of the

intensity of Raman emission over 2 large range of incident laser power by using a simple
longitudinal geometry. Several distinct regions of emission were investigated, including
normal Raman scattering, exponential gain, onset of oscillation, and saturation. There is

good agreement with theory.

INTRODUCTION

it is well known'"™? that the comparison of theo-
retical and experimental valueg of intensity and
gain in stimulated Raman emission is complicated
by several competing processes such as self-
focusing, and Brillouin and Rayleigh scattering,
all of which may have similar appearance thres-
holds. Thus, anomalous intensity behavior in
many liquids and even in gases*”® and solids’
appears to be the rule rather than the exception,
One important consequence is that the premature
onset of oscillation has precluded the ohservation
of the expected exponertial gain in most materials,
with the exception of gaseous hydrogen, liquid
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acetone, and carbon tetrachloride.® Bloembergen
and Lailemnand®*® have overcome some of these
ifficulties by the use of a Raman amplifier and
have demonstrated its importance in cbtaining
reliable values of the Raman gain. Other useful
experimental arrangements in such studies include
the transverse resonator of Dennis and Tannenwald,’
the off-axis resonator of Jennings and Takuma, °
and the diffusely pumped amplifier of Bortfeld and
Sooy.!" More recentiy, Shapiro, Giordmaine, and
Wecht, '2 Bret and Weber, ® and Kaiser and Majer®*
have shown that with picosecond and subnanosecond
laser pulses stimulated Raman scattering is the
dominant nonlinear scattering process in sev-
eral liquids, and thus have obtained good agreement
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wirh theoretical intensities,

The present investigation of laser stimulated
Raman emission from liquid O, and N, arose from
the results of earlier studies of the spectra of the
normal and stimuiated scattering, Inone, it was
shown that the lirewidth of the normal Ramun
scattering was exceptionally narrow irdir {irz a
large Raman gain'®: in another, conc: . ning the
stimuiated Raman emission, extremely sharp
spectral lines were observed (Fig, 1) without any
evidence of bruadening, '® thus indicating that self-
focusing and other scattering processes were not
prominent, From these results we concluded that
possibly the threshold for stimulated Raman scat-
tering is iower than for the competing processes,
in which case liquid O, and N, would be ideal sub-
stances for experimental study. Indeed, the pres-
ent investigation has shown that liquid O, and N,
are unique in this respect and no self-focusing or
stimulated Brillouin scattering has been detected
up to the highest incident laser power.

We wish to report our observati~ns of the inten-
sity of Raman Siokes radiation corresponding te
the vibrational frequencies 1552.0 cm™" and 2326.5
cm™! of liquid O, and N,, respectively. A simple
longitudinal arrangement was used. The range of
Raman intensity measurements includes the normal
emission which varies linearly with incident laser
power, a region of exponential gain over several
orders of magnitude, the onset of oscillation with
feedback by Rayleigh scattering and finally a
region of saturation and depletion, The observed
gain is in good agreement with that calculated
from our experimentally determined cross-section
for scattering,

15520 ¢cm™!

2326!.5cm"

N
2 L | Ne
FIG. I. Stimulat.1 Raman spectrs of liquld O, and

N, showing the first-order Stokes vibrational lines at

1552.0 and 2326.5 cm™, respectively. The resolving

power of the grating spectrograph is 10°.

APPARATUS AND EXPERIMENTAL FROCEDURE

‘The exciting source was a giant-pulse ruby laser
with a rotating prism at one end, and at the other
a plane parallel reflector (~25% reflectivity) of
Corning 2-58 glass which served as a mode sel-
ector'® and also as a filter. The radiation was
emitted in a cingle pulse of ~30-nsec duration and

in a single (or nearly single) axial mode. Good
reproducibility in the laser pulse was obtained by
firing the laser at constant power near threshold,
at regular (3 min) intervals with the ruby at a
constant temperature (- 10°C). This procedure
also eliminated any spaiial drift of the laser beam
at the distant spectrometer slit,

The temporal behavior of a typical laser pulse
is shown in Fig. 2(a). A study of the spatial inten-
sity distribution of the laser beam was made at a
magnification of 20X and by photographing the
beam after attenuation by neutral density filters.
This showed the pregsence of several intensity
maxima [Fig. 3(a)] which increased the effective
intensity of the laser beam to twice the average
intensity, Also, the laser radiation was found
to be plane polarized to better than 2000:1,

The iongiiudinal arrangement shown in Fig, 4
was used for the measurements of Raman scat-
tering intensity and state of polarization in the
forward direction. The sample container v.1s a
simple Dewar of 1 liter capacity with a path length
of 5. 8 cm between the two inner windows, It was
positioned approximately 4 m fro.n the laser in
order to reduce possible feedback of scattered
radiation to the laser, At each filling of the Dewar
the liquid was passed through a 5p millipore filter
to remove any dust particles. A short time after
a filling, the liquid became quiescent.

In order to increase the laser power density
incident on the samples, the beam diameter was

{a)

FIG. 2. (8} Typicai luser puise monitored with an
ITT FW114A photodiode, snd displayed on a Tektronia
519 ogciiloscope.  ®) Typical first-order Stokes pulse
obtalned In the saturation region, snd the corresponding
depleted lase: pulse at the right. (¢} Same as @), but
with the Stokes pulse alsu showing some depletion at
higner laser power.
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{a) (b)

FIG. 3. Near-field patterns showling the spatiai
intensity disiribution of the incident laser heam (a) and
the flrsi Stokes emicsion (b, magnified 20X, Mottied
appearance of Siokes picture is caused by laser allen-
uatipg fiiters.

‘---.- ime

*?L-_.___

‘*{"
- _I_ _ ' ,
rasen | A iE Paes
{ TRGGERENS S:"-kl_'. __;_

¥FIG. 4. Diagram of apparatus used for Raman in-
tensily measurements. Fxplanation of symbols: D -
diaphram, A, F. - attenuating filter, G. G. = ground
glass, P.D. - E.G. & G photodiode (SGD=-100), L -
lens, F - filter.

reduced by a factor of about 10 (to 0.6 mm) with

a system of two lenses, The incident laser

power was varied from 30 kW to 600 kW by insert-
ing calibrated neutral density filters of glass in

the beam at the entrance diaphragm D, and lens

L,. The laser pulse was monitored with an EG &

G photediode (SGD-100), and displayed on a Tek-
tronix 555 (or 518) osciiloscope. An essentially
parallel laser beam was incident on the sample.
The radiation scattered in the forward direction
was collected through the exit diaphragm D, and
focused on the slit of the spectrometer, The

laser light entering the spectrometer was attenua-
ted with calibrated filters. A gratirg spectrometer
{Spex 1700) having a dispersion of 10 A/mm was
used with both entrance and exit slits open to

3 mm., Measurements of Stokes intensities were
made with an RCA 7102 Photomultipler having a
cooled photocathode (- 10°C), The signal was
amplified 40 times by a two-stage emitter follower,

and fed into a type L preamplifier of the oscillo-
scope, The pulse heights from the oscilloscope
traces gave an effective measurement of the inten-
sity of Stokes emission during each laser pulse,
Brief studies of the laser and Stokes pulse enve-
lopes were made with a Iast photodiode (ITT FW
114A) and a Tektronix 519 oscilloscope. Depolar-
ization measurements were carried out with a
Nicol prism placed al the slit of the spectrometer,

Several precautions were taken to reduce any
stray light and to minimize its effect un the inten-
sity measurvments, especially of the low-intensity
normal Raman scattering. The main sources of
unwanted stray light were found to be the iaser
flashlamp, and optical filters and ienses of glass
along the laser beam which einitted reiatively
intense fluorescence radiation. Thus, all of the
optics and sample Dewar were enclosed in a
light-tight box having a 6 mm entrance aperture;
diaphragms were placed along the laser beam
path in front of lenses; and quartz lenses were
used instead of glass ienses to minimize the fluo-
rescence. Finally, the effects of the broad band
{luorescence were suppressed by the use of a
high-dispersion spectrometer,

For each iiquid, the intensily ..easurements
were carried out in two stages., In the iow-inten-
sity region of the normal Raman scattering, the
light-collecting cone was 1.45x 1072 sr for N,
and 5.80x 107* sr for Q,. Calibrated filters were
inserted in front of the spectroneter slit to cover
the intensity range. In the high-intensity region
of stimulated Raman emission the light-collecting
cone was smaller, being 1,30x 107* sr for bech
N, and O,. Again, calibrated filters were used to
make intensity measurements over approximately
ten orders of magnitude The laser pulse energy
was measured witi 2 calibrated thermopile (TRG
100). ‘The many optical filters used to attenuate
the laser and Raman radiation were calibrated
spectrophotometrically (Beckman DU) each to an
accuracy of 3%. The transmission characteristics
of the spectrcmeter and the sensitivity of the photo-
multiplier were measured over the required wave-
length region (and for light f paralle! and perpen-
dicular polarization) using a NBS standard lamp,

An estimate of the possible errors in making
absolute intensity measurements of the Raman
scattering indicated an accuracy of £+ 50%, the main
source of error arising fron the many filters used
in attenuating the laser rw.diation, However the
accuracy of relative intensity measurements was
considere” to be better than +30%.

BRIEF RESUME OF THEORY

The theory of stimulated Raman scattering has
been developed by many authors, notably, Helle
warth, !” Bloembergen and Shen, '* Townes and co-
workers, ' and Maker and Terhune.? They have
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shown that the stimulated Stokes emission grows
exponentially from noise according to the relation

101 (0 Fo )

Here, Ig{l) is the intensity of the stimulated Stokes
emission, I¢(0) is the intensity of the normal
(spontaneous) Stokes emission, I, is the incident
laser power density, and / is the length of the
amplifying medium. Tir paing is given by

2c° N
& =W ml[ﬂu/d‘l- (2)

In general, and in the present work, g represents
the gain for radiation po.arized in the same plane
as the incident plane-pularized laser radiation.

In Eq. {2), c is the velocity of light, & is Planck’s
constant, # the refractive index, N is the eifective
number of molecules per cm®, Av is the normal
Raman linewidth, vg- vR !s the frequency of the
Raman line. The quantity do,,/d is the total
differential cross-section per mol.cule per sr
for the one polarization, and may be evaluated
from an absolute-intensity measurement of nor-
mal Raman scattering. Such a measurement
gives the total differential cross-section for both
polarized and depolarized scatterlng defined by®

do ¢ b N\Nd, .y (450" Ty"
= ¢ (au=vR)p("o "R)'K( % )(3)

for plane-polarized light incident on a system of
randomly oriented molecules and observation In
the scattering plane. Here vp Is the frequency
of the Raman-active molecular vibration, d is the
degree of degeneracy of the vibratlon (=1 for the
totally symmetric vibrations), . 1s the reduced
mass, and @’ and ¥ are, respectively, the lso-
tropic and anisotropic parts of the derivative of
the polarizability with respect to the internuclear
coordinate at the equillbrium position. The con-
stant K 1s the local fleld correction given by®

K= (ns/no)(llsz +2) (no"' +2)3/81 , 4)

where 1, and ng are the indices of refraction at
the laser and Stokes frequencies, respectively.

In order to evaluate ¥’ and a’, it is necessary to
measure the depolarization ratio

p=1,/1,=37"%/(45a" +ay"?).

Here I) and /) are the intensities of scattered light
polarized 1 and !, respectively, to the plane-
polarized Incldent light,

It may be mentioned that Eq. (3) is valid only
when the frequency of the Incident exciting light
is far from the main absorption bands of O, and
N, which occur in the vacuum ultraviolet region.

EXPERIMENTAL RESULTS AND DISCUSSION

The observed intensity of first-order Stokes
radiation over a rarge of incident laser intensity
is shown in Flg. 5 for liquid O, and in Fig. 6 for
liguiu N,. For both liquids, it was possible to
investigate the Raman intensity over a range of
approximately 12 orders of magnitude, from the
very low intensity of normal scattering threugh
a region of expnnertial amplification and oscilla-
tion to an intensity approaching the incident inten-
sity, and {inally saturation. These results will
be discussed below under the headings (a) normal
Raman scattering, (b) exponential galn, and (c)
oscillation and saturation,
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FIG. 5. Experimental curve for liquid oxygen showing
Ramaa Stokes power as a function of incident ruby laser
power.

(3) Normal Raman Scattering

The region of normal Raman scattering is one
of very low intensity. Our measurements for O,
and N, are given in Fig. 7. Although the data
show considerable scatter, it IS seen that there
is a iinear dependence of Raman intensity on inci-
dent laser intensity, as expected from theory.

The slopes of the graphs of Fig. 7 were used to
determlne values of the differential scattering
cross-section.

As already mentioned, the errors in making
thege absolute intensity measurements are approxi-
mately + 50%, whereas the accuracy of the relative
measurements is perhaps +30%. Thus the present
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FIG. 6. Experimental curve for liquid nitrogen
showing Raman Stokes output power 28 & function of
incident ruby laser power,

TABLE i. Values of the total differential scattering
crosa-section for the 992 cim™' Raran radiution of

liquid benzena.
dao/dQ
do/dQ corrected for 6943 A
Authors 0P em’ar-h 10 cmlsrh

Damen, Leite, 6.7+1.2 4.5%
sod Porto? w63z b
Skinner and 37514 4,95
Nilsen® 4sso &)
McCiung and 5923 59
Wetner? 6943 A
Bret ef al,? 9 9

©943 A
Present authors €623 6.6

6943 A

ACalculated from Ja{v —vy)*, since the frequency of
the exciting radiation » ia rar from principal absorption
frequenciea. The Raman vibrational frequency is v,

bCalcutated from Ja(v =y Y/ ivg = 1)?, since the fre-
quercy of the exciting radistion ia near an absorption
frequency v,.

method of determining the absolute Raman inten-
sities was checked by measuring the scattering
for the 982-cm™! line of liquid benzene, and com-

paring the resultant value of the total differential
scattering cross-section do/dQ with values mea-
sured hy other experimenters. This crosa-section
is related to experimentally measureable quantities
by the equation

do/df1=Py /RNIS.

Here, Ppg Is the Raman power for the whole line
scattered into the solid angle @ and P, is the
corresponding laser power, N is the density of
molecules per cm® in the scattering medium, . ad
! is the path length (=10 cm in our C/H, experi-
ment). Some of the recent values of do/dQ}, for
benzene are shown in Table I along with our value
of 6.6+ 3x10"* cm? per molecule per sr. Itis
seen that the most accurate values are those ob-
tained by Damen, Leite, and Porto® with a He-Ne
laser and by Skinner and Nilsen® with an Ar*
laser, which after correction for the v* frequency
dependence, are in very good agreement. We
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FiG. 7. Experimental measurements of normai Raman
scattering for liquids, denzene, oxygen, and nitrogen.
{Experimental scatter resuits from very iow light levela
used, necessitating a high amplification of the photo-
muitiplier signai.)
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have therefore taken the value do/df} -4,50% 107
m? for berzene (at A =6943 A) as a basis for o .r
evaluations, and have measured the ratio of the
Raman intensities of the 2326-cm™! line for N,
and 1552-cnt™! line for Q, relative to the 992 cm™!
for C H,.

The results of these iatersity measuremeats are
given in Table 1l alorg w.th measurements of the
depolarization ratio ¢ for liquid O, and N,. (We
have also included values obtained for liquid
CS,.) Tlte measured values of do/dQ and of p were
used to calculate values of o’ = da/dr, the rate
of change of polarizability wita nuclear displace-
ment, from Eq. (3). after applying the local field

correction K| Eq. (4)]. These are included in
Table . The values @’ =1.6x 107 ¢in® and

1.35x 107 e¢m? for liquid N, and O,, respectively.
are the same as the values obtained for gaseous

N, and O, by Stansbury, Crawford, and Welsh. #
Our measured value of p for liquid N, agrees with
that measured in the gas by Cabarnes and Rousset,”>
but our value of p for O, is considerably lower than
theirs,

{t) Exponential Gain

Under the present xperimental conditions, the
region of normal Raman scattering appears to
hold up to incident laser powers of ~70 kW, At
higher laser powers, both liquids exhibit regions
of exponential gain, as shown by the linear portions
of the graphs (plotted on semilog scales) in Figs.
5 and 6. For N, this region extends over a range

McQUILLAN,
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of three ovders of magnitude and for O,, four
orders of magnitude of Stokes amplification.
results represent stable regions of gain up to
factors of at least ¢® ana ¢® for liquid N, and O,,
respectively.

Values of the gain g(exp) were obtained from the
slopes of the linear portions of the intensity curves
(Figs. 5 and 6). These are given in Table 11l Also
listed for comparison are calculated values of the
gain g(cale). The calculated values are based on
the scattering cross-section do/dQ evaluated here
and on the linewidths 0. 067 cm™' for N, and 0. 117
cm™! for O, measured by Clements and Stoicheff, !
making use of Eq. (2). It is seen that the values
#({exp) and g(calc) are in good agreement.

These

{c) Oscillation and Saturation

For both liquids, the regions of exponential gain
are abruptly terminated as shown by the discon-
tinuity in slcpe of the Stokes intensity curves Figs,
5 and 6. These sha. p changes ir slope represent
the onset of Raman oscillation with a rapid rise
in output power. The oscillation threshold for N,
occurs at somewhat lower laser power than for
0.: 0.13 MW compared with 0, 16 MW for O,.
These values were not significantly affected by
tilting the Dewar with respect to the incident laser
beam or by the presence of ice particles in the
liquids (although in the latter case the experimental
error was greatly increased). The onset of oscil-
lation is therefore not considered to arise from
reflection at the windows or from scattering by

TABLE I1. Values of the total differential cross-section, derivative of the polarizability and depolarization ratio.
/dq)
vp do/dR) Liquid do/dSt o
-1 -0 2=l [} 8
Liquid tem™) (ds/d CeH, {10 em°sr (107" em”) p
O, 1552.0 0.956 =+ 0.017 0.250 + 0,095 i35 0.11:0.01
° b
(1.4}
N» 2326.5 0.04i £ 0,012 0.135 2 0.055 1.60 0,10 0,01
i1.6?

Clig 992.2 1.00 453 2.84 oo
CS 655.6 2.03 + 0.60 9.1+27 2)i 0.17 = 0.02
AValue of Damen, Leite, and Porto™ corrected for 6943 A radiation.
bvalues given by Stanstury, Crawford, and Welsh® for gaseous O,, Na.

TABLE iii. Values of the Raman gain.
Ndoy “dQ A gleale) £lexp)
Liquid (107 em™'sr™h em™ (107 em MW™h (107 em MwW™h
(¢} 0,45 2 0,14 0.117 1 45:‘04 1.60 2 0,50
Na 0.291 0,09 0.067 1.50z2 1.60z 0.55

Cig 3.06 2.15 0.28 AR

cs, 755 050 2.4

Aval 8 of linewidths messured by Clements and Stoicheff. IE
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bubbles, dust, or ice particles. Also. we have
experimentally ruled out the possibility that the
rapid rise in output power is caused by self-incus-
ing. Near-field photographs of the laser and Stukes
radiation at the exit window show no evidenrce of
filament formation and uniform Stokes eniission
over the beam cross-section | Fig. 3(b)]. No
filaments were observed up to the highest laser
power used 1 MW, where the self-focusing length
is calculated to be 5 cm for O, and % cm for N,
‘The critical power for self-focusing® ** calculated
from the knewn Kerr constants®® is 200 kW for O,
and 650 kW for N,. The observed orset of oscil-
lation occurs at lower laser powers as mentiored
above. Moreover, the ratio of laser nower at
threshold of osciliation in Q, to that in N, was mea-
sured to be 1.20x0. 006 as compared with the

ratio of 0. 3 for the respective critical powers for
self-focusing,

We believe that the niost likely cause of cscil-
lation is feedback of Stokes radiation scattered in
the backward direction by Rayleigh scattering.
This is suggested by the high Raman gain for these
liquids and by the ratio of 1.2 for the gain constants
of O, and N,. which is the same value as the ratio
of laser power for oscillation. The Rayleigh scat-
tering intensity determined by Stansbury. Crawford,
and Welsh® for gaseous O, and N,. together with
the locnl field factor for the liquids, leads to a
feedback facter of Ndo/dSt (Rayleigh) =6.1x 107%
per cm per unit sclid angle for liquid N, and
6.6x107% units for O,. For the effective solld
angle of our experiments {~107% sr) the feedback
factor is approximately 107" per cm, which Is suf-
ficicnt to explain the onset of oscillation.

In the region of oscillation the rise In Stokes
intensity is very steep, and represents an ir’rease
of five orders of magnitude for liquid O, and seven
orders of magnitude for liquid N,.*+** The upper-
most portions of the intensity curves {Figs, 5 and6)
are similar. and indicate strong depletion of laser
radiation and conversion to Stokes radiation. The
oscilloscope trace in Fig. 2(b) shows a typical
pulse of Stokes radiation in this region with the
corresponding laser pulse severely distorted.,

This process results in the {lat tops of the inten-
sity curves and is the region of saturation. At
still higher incident laser powers, the flrst-order
Stokes radiation is converted to second-order
Stokes (and anti-Stokes radiation) which results
in depletion of the first-order Stokes intensity.
This depletion is shown in the oscilloscope trace
of Fig, 2(c).

A brief study of the converslon of laser radia-
tion to first-order Stokes radiation for liquid N,
was carried out, and the results are presented
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in Fig, B. Here is plotted the ratio Pgyt Pin.
normalized for the laser radiation. The general
behavior of this ratio i3 in good agreement with
the theory of Shen and Bloembergen. ! Figure &
shows high conversion of approximnately 75% laser
radi’ tion to first-order Stokes radiation in the
saturation regior

CONCLUSION

This experiment has shown tha! liquid N, and
0, are important raaterials for the study of stimu-
lated Ranian scattering. Because of their high
Raman gain, the stimulated Raman etfect emerges
as the dominant nonlinear process in these liquids,
Thus it was pussible to investigate the intensity
characteristics and build-up of Stokes radiation
over a range of 12 oruers of magnitude; from the
low-intensity normal scattering through exponen-
tial amplification, oscillation and saturation, and
eventual depletion. A detailaed study of the reglon
of normal scattering and exponential galn shows
very good agreement with theory'. The regions
ol hlgher intensity also reveal the expected theo-
retical behavior and warrant closer study. Finally
the high conversion efficiency of laser to Raman
Stokes radiation indicates that ihese liquids are
very useful as new frequency sources,
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as the laser pulse was scverely distoried.

ACKNOWLEDGMENT

We are very grateful to Dr. Fujio Shimizu for
many helpful discussions.




e e s

68 GRUN, McQUILLAN, AND STOICHEFF

P{his research is part of Project DEVECDER under

the jolnt sponsorship of the Advanced Reseirch Projeets

Ageney, the U8, Offfce of Nava! Research, and the
Department of Defense. Also supported by the National
Researeh Councll, Canada, and the University f
‘Toronto.

*On leave from Faboratolre de Spectroscople,
Université de Strasbourg, France.

Yolder of Provinee of Ontarlo Governmeut Scholar-
ships 1965=-68,

LI ¥, MeClung, W. G. Wagner, and D. Welner, Phys.

Rev. Letters I5, 96 (1965); in Physics of Quantum
Eleetronies, edited by P. L. Kelley, B. Lax, nnd ?. E.
Jannenwald (MeCraw-1lill Book Cempany, Inc., New
York, 1966), pp. 155~158.

'G. Bret, Compt. Rend. 259, 2991 (1964}; 260, 6323
(1965, 3. Bret and G. Mayer, in Physles of Quantum
Electronics, edited by P, I.. Kelley, B, Lax, and P. E.
Tannenwald (MeGraw-ilill Book Company, Ine., New
York, 1966}, pp 1580-191; G. Bisson, G. Dret,

M. Denariez, F. Gires, G. Mayer, and M. Paillatte, J.
Chim, Phys. tParis) G4, 197 (1967,

’P. La'lemand and N. Bloembergen, Appl. Phys.
Letters 6, 210, 212 (1955): in Phvsics of Quar um
Electronics edited by P. L. Kelley, B. Lax, and P. E.
Tannenwald (MeGraw-l1Hill Book Company, Ite., New
Vork, 1966), pp. 137-154,

'R. W. Minek, E. E. lNageniocker, and W. G. Rado,
Phys. Rev Letters 17, 229 {1966).

’G. Bret and M. Denariez, Phys. Letters 22, 533
(1966).

®N. Bloembergen, C. Bret, P. Lallemand, A. Plne,
and P. 3Simova, IEEE J. Quantum Eleetron. QE-3, 197
(1967).

. Bisson and G. Mayer, J. Phys. 29, 97 (1968).

3G. Bret and M. Denariez, J. Chim. Phys. (Parls)
64, 222 (1967,

*J. H. Dennis and P. E. Tannenwald, Appl. Phys.
Letters 5, 58 (1964

™). A. Jenrings and 1I. Takuma, Appl. Phys. Letters
5, 239 (1964).

D, P. Bortfeld aad W. R. Sooy, Appl. Phys. Letters
7, 283 (1965).

g L. Shapiro, J. A. Glordm=zine, and K. W, Wecht,

PPhys. Rev. fetters, 19, 1093 (1967).

YG. tiret ond I P Weler, 1IEEE J. Quantum Electron.
QE=-4, 28 (1963).

Hw. Kaiser and M. Maler, IEEFE J. Quantum kElectron.
QE-4, 67 (1968); private communleatlon (1968).

"W, R. L. Clements and B. P. Steteheff, Appl. Phys.
Letters 12, 246 (1968).

'B. P. Stolcheff, Phys. Letters 7, 156 (1963); Quantum
Electronles and Coherent Light, Pruceedings of the
International School of Physies “Enrlec Fermi,” Course
XXX, 1963, edited by C. H. Townes and P. A. Mlles
(Aeademic Press, Inc., New York, 1964), pp. 306-325.

YR. Rellwarth, Phys, Rev. 130, 1850 (1963}; Current
Sci. {india) 3, 129 {1964),

¥N. Rlocmbergen and Y. R. Shen, Phys. Rev. 133,
A37 (1964); 147, A17R7 (19G5).

e Garmire, E. Pandarese, and C. II. ‘fuwnes, Phys.
Rev. Leiers, 11, 160 (1963); R. ¥. Chlao, E. Garmire,
and C. Il, Townes, in Quantum Electronics and Cohcrent
Light, Proceedings of the International $chool of Physles
“Enrieo Fermi,” Course XXXI, 1963, «.}'ted by C. II.
Tovmes ard P. A, Mlles (Aeademle Press, Ine., New
York, 1964), pp. 326=338.

%p. D. Maker and R. W. Terhute, *hys. Rev. 117,
A801 (1965-,

3G, Placzek in Hendbuch der Radiologle (Akadentsche
Verlagsgesellgchaft, Lelpzig, Germany, 1934), Vol. VI,
Pt. 2, pp. 205=274,

G. Eckhardt and W. G. Wagaer, J. Mol. Spectry. 19,
407 (1966).

3. C. Damen, R. C. C. Lelte, and 8. P, S. Porto,
Phys. Rev. Letters 14, 9 (1965).

3. G. Skinver and W. G. Nilser, 4. (pt. Soe. Am.

58, 113 (1968).

*E. J. Stansbury, M. F. Crawford., and II. I.. W.:Igh,
Can. J. Phys. 31, 954 (1953).

3. Cabannes and A. Rousset, Compt. Rend. (Paris}
206, 85 (1938).

“R. Y, Chluo, E. Garmire and C, il. Townes, Phys.
Rev. Letters 13, 479 (1964:.

%p, L. Kelley, Phys. tev. Letters. 15, 1005 (1965).

R. Gulllien, Physica 3, 895 (1963).

¥ef. P. V. Avizonis, K. C. Jungling, A. II. Guenther,
R. 5L lleimlieh, and A, J. Glass, J. Appl. Phys. 39,
1752 (1968),




A Study of ithe Duraticn and Birefringence

of Self-Trapped Filaments in CSZ*

Fuji» Shimizdt and B.P. Stoicheff
Department of Physics
University of Toxoato

Toronto, Canadz

Small-::ale optically-traroveo filamenté in liquid CS2
vere studied by side illumination and crossed polarizers

using the second harmonic radiation of a mode-locked Nd3+sglass
laser. Filaments produced by Nd3+ laser radiation (1,06 &)

exhibited birefringence of magnitude (2'-*-1):(11’)"3 and duration
tines & 10711 e,
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A Study of the Duration and Birefringence

of Self-Trapped Filaments in CS2*

Recent experimental investigations of opticallyétrépped
small-scale filaments1 in liquids nave given valuable information
on properties such as threshold power, focusing length, energY,
and diameter of filaments. However, other fundamental quantities
such as duration time and refractive index changes remain
uncertain, mainly because of the difficulty of making direct
measurements during the short duration time of the filamentsa"4.

We report here on the photographic investigation of filaments

in liquid Cs, illuminated from the side by second-ha.monic
radiation of a mode-locked Nd:glaég laser5 and observed through
crossed polarizers. Such experiments can give direct information
about the refractive index changes in filaments and also about
their duration time, provided the time is much shorter than the
travelling time of the light in the liquid sample,

: In tﬁe present investigation, filaments were produced by
either 1.05 ﬁ or 0.694 p radiavion from mode-locked lasers of
Nd:glass or ruby, respectively. The Ndiglass laser emitted a train
of 20 pulses with pulse duration ~ G'éﬁet as determined by double-
photon fluorescence j the ruby lasér emitted fewer pulses and with
duration times £ 0.2 Hsec. The main laser radiation procducing

the filaments was directed along the length of a rectangular sample
cell. For analysis of the filaments, a second and less intense
lgser beam was transmitted from the side of the cell, at right

angles to the main laser beam and coincident with it in the sample.
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This was a collimated beam of 0.53 i (sercond-harmonic) radiation
from the modc-locked Ndiglass laser. When 1.06 b radiation was
used to produce filaments, the same Nd lasexr provided the

radiation for filament formation and for side illumination: when
0.694 p radiation was used to produce filaments,‘synchronization_
of the ruby and Nd laser pulses was achieved by switching the
Kerr-cell Q-spoiler of the ruby laser by a spark gap tiiggered by

a part of the Nd laser beam6. Photographs were taken on Polaroid
Type 47 film with a camera lens of 8 to 30 magnification. Selective
filters weré used to eliminate scattered light of the main laser
beam. At the same time, photographs were taken of the main laser
beam at the exit plane of the cell, in order to determine the total
number of filaments produced in each experiment.

The main method used for detéction and analysis of the filaments
was to place the glass cell (selected for its negligible strain)
containing liquid 082 between crossed polarizers, with polarization
directions a2t 45° to that of the illuminating laser beam. Since
filaments are known to be almost linearly polari.ed parallel to
the polarization direction of the laser beam producing them7, the
birefringence N — Npy is given by X(Ii/I" )%/(nd) when the main
'laser béam is polarized perpendicular to'the propagation direction
of the illuminating light as in the present arrangement. 1In
this expression, ;“ is the power density of the illumination light
of wavelength A, I, is the power density of the perpendicularly
polarized co&ponent produced by the filament and d is the filament
diameter. While this method was chosen because it is one of the

most sensitive for the detection of filaments we also used
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Schlieren photography to measurc the total amount of light
scattered from the filaments. (An attempt to determine the sign
of the refractive index change by using the phase-sensitive

method®

did not lead to a unique result.)

Typical filament traces excited by the 1.C¢ B laser beam
are shown in Fig. 1. These were produced in a cell 6 c¢cm long «nd
2 em thick, filled with liquid CS, at ~ 20°C. The main laser
beam was focused beyond.the exit nrnd of the cell with a lens of
relatively long focal length {~ 23 cm) compared to the cell length.
The side~illuminating beam of C.53 B radiation covered the entire
area shown in Fig; la and b.

The filament traces of Fig. %a were photographed at 1 c¢m from
the exit end of the sample cell. "Approximately 15 traces can be
seen: these were produced by a total of 30 filaments, as detected
§n photographs of the exit plane. (Usually, only about 1/5th of
the fiiaments appeared to produce traces.) The lengths of the
traces are 1 to 2 mm and their widths ~ 6 B {(as determined from
photographs with larger magnification). Almost all filament
traces were observed only in the region of coincidence of the main
laser and illuminating beams, indicating that the filaments
disappeared immediately after the light pulses had passed through
the observation region. Thus, the lengths of the traces in Fig. la
may be considered to give an upper limit to the filament duration
times of approximately 5 ito 10 picoseconds.

The production of filament téaces shown in Fig. la finds a
readf explanation in the birefrinrgence caused by the optical Kerr

¢ffecte The intensity of individual filament traccs (j}ldt) in
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Fig. la is typically measured to be ~ ].0"4 of the time-integrated
power density Q(I” dt) of the illumination light which enters thq
cell, 2lthough some traces are considerably more intense. Since
each fiiament trace is presumed to be produced by only one of thel
20 mode-locked pulses, wher;as the measired intensity of the

$llumination light is the integrated inteunsity of all 20 pulses,

the vslue I,/I, for individual filaments is '~ 2x10"3, For

filament diemeters d = 6B, this value corresponds to a birefringence

ny - n, = 1.2x107°, This value is much smaller than that (~ 0.2)

reported by Brewer and Towne59 for the special types of filaments

observed by them but is in good agreement with the value estimated

from the anti-Stokes rings iq the stimulated Raman eff0ctlo.

Fufthermore, if we assume that %he birefringence is due to the
optical Kerr effect (which is based on the reorientational theory
of molecules) the power density P within each filament, is calculated

to be 60 GW/cmz, from ny - n,=(%)BE2 =(%%>BP and using the known
' 11 ‘

value for the Kerr constant B'. Therefore the energy in each

filament is 1 to 2 ergs, in agreement with the reported valuea.

The true value for n, - n, is probably a little larger than 1.2x107°,

because the actual duration time of filaments ¢an be shorter than
that calculated from the length of the traces in Fig. la (5 to 10

psec.), althouch it must be longer than the reorientatirnal

relaxation time for C52, ~ 2 psec12. Since Ny — ny depends on the

square root of I, /I; , this correction does not exceed the factor

{—. Therefore n; - n, is typically 21&10'3, and does nr. excecd

-2

10 even in the strongest traces.

In the above calculation of {l/I" ve assumed that most of the
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energy of the laser radiation was confined to the train eof
picosecond pulses with separation equal to the transit time of

light in the laser cavity. Neither the oscilloscope traces no:x

the two-photon fluorescence teéhnique13 have sufficient resolution
to confirm this since they cannot distinguish between a train of
such sharp pulses or of sharp pulses superimposed on somewhat
broaler pulses. However, the same polarization technique as used
above for the filamﬁnts was also used to determine the birefringence
duéi%he whole laser beam aﬁd its power density. The birefringence
produced by the laser beam at the entrance end of the samplé cell is
shoyn in Fig. lb. The length of the broad white trace shows the
temporal width of the picosecond pulse. From the density of this
trace, the power density of the léser radijation was determined and
the resulting estimate of the total energy in the picosecond pulses
was in agrecment, within a factor of iwo, with the energy measured
directly with a calorimerter. Furthermorc, nc birefringence was
détected when the coincidence between ihe two beams was shifted

to a region outside that shown in Fig. 1lb and we conclude that there
was very little laser field outside of the picosecond pulses.

Other types of traces which were stationary in space and had
longer duration times were also observed. They could be distinguished
from the typical filaments of Fig. la by two characteristics:
they appeared irrespective of the coincidence between the illuminating
and main laser beams, and they were usually ébserved as dark lines,
as seen in Fig. lb., Since these dark lines were observed even in

the pictures taken without polarizers, these traces persisted for a

time comparable with the laser pulse. At relatively low excitotior




power, the number of thesc traces was much smaller than the total
number of the filaments as detected at the exit end. Most of them
were observed closce to the entrance end of the cell and rarely

at the exit end. The mechanism of these traces is not clearx;
whatever the mechanism, the energy involved in this process seems
to be larger than that required to produce the normal filaments
(Fig. la). The relation of the two types of traces may be best
expl.ined as fcliows: IFilaments with varying energy are formed

in the first stage, but those with the larger energy lose much of
their energy rapidly by other neon-linear loss mechanisms leaving
traces of the after-effgct mainly in the engrance part of the cell,
Only the filaments with relatively small energy of the leading edge
of the filaments can travel to the exit end of the cell with small
losses.

The tvaces of the filaments producéd by the ruby laser, which
were photographed close to the exit end of the cell showed similar
characteristics and approximately the same birefringence as thosc
in Fig. la. Thei¥ lengths were usually 1 to 2 mm but some traces
were as long as 3 mm. The number of traces observed was much
smaller than that of the filaments detected at the exit end of the
cell (1/50 to 1/300), but this is not unreasonable, since only a
small number is expected to coincide with the 3llumination light.
The lengths of the “races indicate that the filament duration
times are less than 15 psece. But it cannct be completely excluded
that they are statipnary traces in spacce, because the twc laser
beams (from ruby and Nd:glass) are independent and we cannot determine

precisely the region of coincidence.
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The present observations are limited by the rclativelv low
sensitivity (Ané-lo-a) and te filamenis which are produced by
particular types of lasers. However, this method is capable of
detecting An = 10"4 in a 5-}0u filament by using a single spike
of a mode-locked Nd laser and will be a usefu) tool to study
various aspects of the optical trapping.

The authors wou'd like to thank R.A. McLaren and A. Jares for

experimental and technical assistance.
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Figure Caplicns

.

"Side pictures” of the mode~locked Nd laser beam and
resulting filanents. The arcas shown were jlluminated by
a collimated becam of polarized 1adiation (0.53_4) and

photographed through 2 crosszed

pelarizer. The main laser
beam producing the filaments travels {xom left to righti.
(a), 1 cm from the exit end of the cell showing filaments

as sharp horizontal traczes. (b) 1.5 cm from the entrance

end of the ¢r1) with slighi‘ly hichcr power density than

(2a). One of the derk traces is seen to extend outside of

coincidenze region (white broad trace), Circles and other
irregular petlerns are duc te imperflections in the pelari:

and 1o inhomegenciiy of the illumination beom.
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High-Resolution Raman Spectroscopy of Gase. with Laser Excitation®

¥.R.L. Clemerss’ and B. P. Stoicheff

The advent of the laser has paved the way for sigrificant
advances in high-: esolution Raman spectror:opy (l). In earlier work
with mercury lamp sources (1,2,3) the effective resolution was limited
to ~ 0.3 cn~d by the widths of the exciting lines. The intense 6328 4
line of presently available He-Ne lasers is almost one-~tenth of this
width, the maximum being approximately 0.05 cm=l, %o achieve an
equally high resolution in Raman spectroscopy of gases, it is necescary
to reduce both pressure and Doppler broadening end to use a dispersing
instrunicnt having a recsolving power = 3 x 107,

In this letier vwe describe a‘tcchnique vhich has enabled us to
tedie fuld advantege of the incercased recolutien provided by lascr
excitation. Spectrs are obtained at pressures as low as the availeble
laser intensity will pernit. Observation is lim.ted to small-angle
"gecattering since the Doppler breadth associated with light scattering
is a miriiui in the forvard directiern (k). Kotienad nerxouing (5)
reduces this breadth further as shoun by Cooper, May, Hara end Knoap (6)

-avd Murrey nd Javaen (z). Finally, the peoticered raaiztion is enalyscd
by a pressure-ccanined Febry-Perot interfecozei.r (8) rather than by
the traditional) gratiryg instruments.

our experinental arrangenent is shown in Fig. 1. Radiation at
6326 % fion a He=Ne laser & m long is uccd to cxgite the speetra; the
total pewer is 40O W in & line of full-width at half intensity

~ 0,025 en™l. The 6328 S radiation is isclated with a 10 § band-poss




-2 =

filter and then focused in the scattering cell by a lens of 1 m focal
length. The pyrex glass scattering cell is 1 m long and contains the
sample gas at pressures up to 2 atm. This is followed by several
parrow band-pass filters whicﬂ block the laser light und transmit the
scattered radiation under study. Radiation scattered at 2° is then
collected by a conical lens and analysed with a pr-ssure-scanned Fabfy-
Perot interferometer. For investigating rotational Raman lines with
small frequency shifts it was found necessary to place a monochromator
immediately in front of the F-P interferometer to be used in conjunction
with, or instead of, the narrow h»and-pass filters. This not only helps
to eliminate the laser light but also to isolate individual rotational
lines. In eaddition, fluorescence originating in the interference
filters, lenses and windows of the scattering cell (with maximum
intensity at wavelengths longer than 6800 ) waus suppressed with the
use of the monochronutor,

Speetra of the §{1) rotatiorsl line of Ly olgerved with bolh
forve *d and 980° sceticering are conpared in Fige 2. Both spectra were
ébtaincd at a gas presswre oi 2 atu; the interferoneter spectral free-
range was 0.5 ciil and the effective resolution ~ 0.02 cm‘l. At 90°
scattering, the fulld widilk at half rmowinun intensity of the line is
0.15 en~d ang corrcespelids to the Doppler breadth at 209C nodilied by
Cnotional narroving. In the forveard dircciion, the observed linevidtih
is reduced to 0,0% en~l. However, this value represents the toiad
instruientad width (including the Jascer and interferomeoter linevidths);
the true Jinevidth which is due, s0lcly, to pressure troadening is
0.006 c1i”Y at 2 atn 6).

Anotlier exanple of the increaced recolution achieved with this
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technique is given in Fig. 3 vhich shows the cooow Q branch of the
totally symmetric v, band of CH,. Its linewidth is ~ 0.3 cm™), which,
as already noted was the limit of resolution in pre-laser work. The
spectrun was obtained at 2 atm prescure, with the interferometer
spectral freec-range being 2.5 cu~l and the total instrumental width
~ 0.07 cn~l. Beceuse of low intensity, a digital counter withiﬁoo sec
counting interval was used and the observed spectrum is indicated by
the solig‘;gi;?ig. 3.. It is possible to detect some structure within
the nerrow Q-branch observed with the presen’ techniﬁues. This struc-
turc is interpreted to be due to a small difference in rotational
constants of the (0000) and (1000) levels witﬂ the spacing given by
the usual expression (B; -~ B )J (J + 1). Triel analyses were attempted
with tentative rotational nuabering of the observed pesks. The best
nunbering is that represented by thé straipght-line graph vhose slope
gives the value By - By = = 0.,0034 cn™} (Fig. 4). With this valuc of
6yy the relative positions of tae rotzticnnl Yines within the §-bLroneh
were calculeted and these are indicated un Fige. 3. Also, the relative
intensitics of the rotational lines were computed and assuming linc-
vidths of 0.07 ca~l a calculated spectrun vias obtained. A conparison
of this culculzted spoctru: with the observed spoctrum shows satisfacto?y
agrecment,

The sbove prelininary investigations denonsirate that the dlases
is a petentisldly valuable cxciletion source for extremely high recolu.

tion Raman spectroscopy of gases. c
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FIGUPE CAPTIONS

Diagram of apparatus for high-resolution Raman spectroscopy of

gASEE.

Profiles of the S(1) rotational line of H, gas at 2 atw pressure

observed in forward and 90° scattering.

Q branch of the vy band of ZHj, (bv = 2917 cn=1) at 2 atm pressure.
The solid circles O are experimental inteneity points obtained
with a digital counter using 500 se: intervals, and the dashed

line - - - is tke envelope of the conputed spectrum.

Frequency eeprratici of observed pezhke from the J = 8§ peak ploited

against J(J + ).
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Stinuluted Romun Eodecion 3n Disnmond:

Spectrun, CGuin and Anguldar Distrilbutlon of Intenaity*

Ao I's HeQuillnn®, WoR.L. Clcncatnz and 3. P. Steicheff
Dupurtuent of Ihysics, University of Toronto

Toronto, Cunada

Absiroct

An experirmentel vtudy of nornal and glinclated Reman emdssion dn
diauond ic prosented dncluding ncosvrouents of lincuwialh, intensity and
angular alstribution of radintion hoving a frequency sldft of 1332.0 ca~l,
The dinnond crystal forncd a Ranan reconator and excitation was by o
gientepulce ruby lecore The dcpcndcndc of norned Stelies enfssion on
lesor intencity end tho threcholdd for cecillation were inventigated. A
value for the kemon gain (g = 6.9 x 1072 it per 1/cu®) ves erloulated
fron the nenourcd lincwidth (4v = 2,04 en~l) rnd cross-section for
scaticring, and found to be in (ood agrecenient with a vudue deteridined
froi;i the throclield for oveidlletion. %he enpular distridutions of enti-
Stolico snd Ltolies cuiccion end pbooerplion for parallel end cenvergent
lescer light are eloo in good agrocoent with theooryt the ealesion conc
englcs nre strongly dependent on the onpgle of convergence of the incident
Light und it 3a entabliched that the preferred dirceticns for cnicclon
arc those nuking use of the nout dntence fironl-order Stolies rodiution

TS

which 45 pcaked in tho foruard dircetion vithin the bonan resonator.
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Introduction

Rumorous $HVLst15ntionnl of the encradous gain, sngular distrilutior
of internsily wad opectral Uuewddths In ctimuleted Ranan eniscien hove been
carried out with liquids, and eonic with garcess Corrcopondiug studics with
polids nre rare. She first report of stinulated Nonen endsclon in crysoicls
(calecito, dinmend end a-sulphur) vos given in 1963 by Bekhasedh, Dortfeld
and Geller?, In 1066, Chino aud Stoicheffd mode precise uencurcients of
tho anti-Stekes cniccien cagles in coleite; Panncnrala® (1967) reported
tho obsaorvation of node-pulling in a Rumun resonator of crystulline quurtsi
and DBisvon and Hnycrs (1967-8) oboerved en ancinlous grdn in Donon recona-
tors of calcito, the cxverimentel gein being approxicately ten tinmcs tlo
caleulatcd gain,

l

The present paper lu with the charwetleristics of the norunl oud
stinulated Rouen endnsion in dienonde Dicnond is particuleorly weli-suited
for stinuvlated Ransn experiuonts cince the fircteorder funan spoetrun is

known6

to coruist of & single eherp line of releotively high dntonsity.
Therefore, the threrheld for ctimnloted eminnien In cipected to be low,
The avellable dienond cryotad van Sn the forn of e plote with parallel
surfaccs, and becnune of the lnrge refroctive dudex of dinnmend, the pletc
served o6 o yresonntort  thus our enperizoentad resudts hnve been etronily
influencud by the projuctics of thin rouoralor,.

The voain recvlic of ovr fnveotdgoiinng have boon reported brielly

by

on variovs occaslons?.  The Yincuicth end ceattering crorc-oestlion vy
geterained {ron the nori:al Feinn cpuetrvas The dntenuity of nouiz) Stolies
eniuclon weos feund Lo Lrcrcnre Yineardy uwith dncrcacing Loy dIntenaily

up to threcholdd for otinmlat-d endusiong thia reglon vao foelloued by n
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sheip dncrcace in intensity by v factor of ~ 106, &nd eventually by
eaturation end darage to the cryetals In a reconator,the onset of occil-
letion i8 poverned by tle cendition Fe(G'“)L = 1, where F {8 the focdback
factor, g ond « are tre gnin end lone censtants end L de the crystal length.
This condition wue uced to determine & velue for the gedn from the obsorved
threshold for oncilletion. A thorough ctudy of the inhonegencous intensity
distribution of a lscer and Stokes radiation in the reconator wes alsq
carried out in order teo properly eveluate the gedln constent., Good apree=
nent vos found between the value detersmincd in thic wey end that calculeted
frou the neasurcd scaticering crosc-vccetion and linewidth, Self-focusing
uss not epporent nor vus etinvliated BErillouwin centtering detected st the
pover levels used in thece experioente. Thoe ctinulated linewidth vas
obscerved to be ra erder of nagnitude nerrvever ther the nornel lincwidth,
and on occucion two axninl conponento of tho Dmeen resenetor vere otscrved
with evidence of mode-pulling und strong rode-~interantion.

The angular distribution of intensity in the sliovlated Ruonn
endosion was discuceed An ncte of the first prpers on the theory of the

proceasg'lc.

Froo the verentunenciclidug condition btescd on a plone-
wave todel, nesdna of enti=Gtokes ond Stoker cnicsuion (and the cerrcopone

ging pininn in fircteorder Stoles o decden) are prodicted cecerding e

the vaveevector relotions

-\ -— -— -h - - -— N
ot kg T Ly L hg thy vk gtk (1)

- - - -
fere kg, Koy ¥y end b ore, respectively, the lncer, the firut Stokes

and the ntheorder antl-siokos end Ltehes vave vocto:ose JSuch dictribution
of Iutennliiy 3n cenleitc von Invoesiignted by Chino nd stolchelsd wlio fornd

that apgrcerant botveen the elicrved ond enleudatod conn nnnlea vana within
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the experduental erros of a fev percent, when an cssontially parallel
laser been wan incident on the c¢aleites In addition, they noted a

eipi “fleard dncresce dn endsslon enylos of entl-Stokes radiation as the
focal lenpgth of the leng used to focus € o daser bLoan vas decrcasod.
Shinoddll has dicsussed cuch @i Lnerenco in cono angle with increase in
angle of coaver,once of the leser beony and Bloenbergen and shen?2 Lave
conuldored nulti-nade effects vhere two lnuer rodea vwith a reolative :nblc
0 result in broadencd anti-Stokes enisulon cones wlth an ducreasc in apex
half-angle of abouc €/2. e have wade a detaided siudy of the augular
depondetico of wnti-Ilokes und Stokes rediation iu diamoend, and investigated
in particular the chunges in cone engles with differout becwm aperivces and

different beuu conveogence,
sxperirentel FPreoceduie

The cryztal of type 11 A dizxcad wos in the fora of a plate 2.15 o
thick and with flal, highl; poliched snd elrout joredlel surfsces (woedoe
angle ~ 10').  Dicnond has m refrcctive dnder of 2.5 thun the reflec-
tivity at the oir sufoces 4 270 end the plete bolioves oo o Iioan
yesountore A Louz Xeroy Giffvaeticn photopreph eotobliched thut the [33 ]
axic of tre crystal uvan approzimotely perpenddevler fo the podished foces

the dion na plntce,

For measwrencnl of the neraed Bnocn Mincud il the epectrun vio

excited Ly 5 6500 vadinifon of o Keele Juocer and rurldrysed with ¢ fabeye

. . ) 1 .

Ferot interferc cler, oo doonerided by Clencnts wnid Sicic bef233, In thic
M Viera] ool g ene ver GoPOo % = 0 oq . ol comamen qop %

cuperduent,y tro Jalrye-icirol cpreor van Gl XD GWCRD 1oy sidveosr roflee-

tivily wae 930 rrd toiol Yocer plus fastruicninl width was 0.C0L eL,




The scattored light wuo obuerved at right sngles to the incident bean.

Stivulated Renen endsslon was excited by ) (940 radiation fronm a
glant-pulre ruby lesecr. The radiation wes plane polearized and van emitted
in a single pulte of ~ 30 nscc duration end in a single (or nearly cingle)
axiul wode. Cood reproducidility in the lacer pulse woo obtaincd by firing
the laser nt cornptuant power near threshold at reguler intervale with the
ruby at u constent temperature (-10°C), .

The experdmeniel arrangenent for photographing the stinmulated Raran
specirun snd for mensuring ita intencity 45 shoun in Fig. 1. laser radia-
tion wes incident on an aperture of 3.6 nm dicceter and its inteusity wos
neasurcd bty © 9504 (RCA) phototube., A dlens of 18 cu focz) lenpth was used
to focus the lascer beun 2 en bayond the dienond cryetul. Redizntion
scattcred dn tho forvard direction was focuoed on the slit of the grating
spcctrogreph. Thotographn o¢f the Q-san specirvn vere obteined vith a

-1 6lit uidth, ené a reciprecal dincar dispereion of 20 cu'l/hu. Sone

lcnm
phiotograplin vere slco obtained at mveh higher resolution, with the spectro-
graph replaced b, a Fubry=Perot interferorcter end a 1 etre cuncra lens,

For rensuringe the irtensity of first-order Steles radiction,the
w ' P

'.J

pethod veed wes that dereribed 3n o oreocent citndy in thic lnboratcrylk of
intensity nepcurenents in Miculd C, and Poo  The lecer rediaticon was varded
by dnserting newtrel dennity filtere 3n the bBeap at the entrarce aperture.
Rudlation teattered 4n ¢ corc of 3.9 = 10~3 oy van codlectcd throuch rx
aporturce end focuacd en the rlit of the cpeetreoucters A 72002 (LLA) plhote-
tuebe won vacd to debet the Stolen yidietion erd the Stolice nind deoser
signnle veru ¢doployed on & éval benn cucidloveope (Yektrenis 55%).  Tho
pulse hedphin peve effeetive rencurenento ¢f the Stokes end lener ‘nten-

aition. The trinspinsion clinrecterdsrtias 6f the crectroncter ond
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attenuating filters ac well a the censitivity of the phototubes were
detercinod and the complcets errangement wus calidrated by rieasurements
with benzene, all as deceribed in the earlier workl", The measurcd
Raman intensity is ectinmuted to be nccurate ta X 30%.

For observation of the ongular distribution of internsity, the same
arrangenent as Fig. 1 + 5 uscd but with the optical elements after the
dinriond crystal replaced by & cancra. Appropriate filters were placed
in front of tho cancra te icolate the vurious Jtokes and anti-Stokes

frequency couponents.
The Spectrun

The nornal Ranan spectrun o¢f the diamend crystsl consists of a
gingle line at a frequency shift of 532 ca~l. This line vas found to
have a lorentzian lincshnpe with full width at half intensity ceximun
neasurcé to be 2.04 X 0,0% en~1, at 1oon tenperature. MNeasurenentis of
the lincuzidths exhibited by two other dienond crystals (ulso typa II)
gave cinilar valuns, nozely 2.09 X 0.0% and 2.22 X €.04 cu-l,

Fhotographe of the stinulated Ponan specltrum of dianond revealed
four shurp liney, two beins the first- and second-order Stokes lincs cnd
twvo the corrcsponding anti-Stokes lines. Thelr frequency shiftc {rom tho
oxciting line vere peasured te ba 1332.8 1 2 ca~l and doule this value,
corresponding te the fundimentel and exact multiple of the C~C vibrational
froquency. IZxanination of thu “irsteorder Stokes line et high resolution
vith a Fabry-Ferot dnterferonster (Fig. 2) showed that ite widih wvos very
narrow, vith variation of 0.1 to 0.2 cu™}, fros chot to ahct of the laser.
Thiy wpectrnl widih in at least onc~tonth that of tho noriuel Ranan line,

yet coneilerably durger then that of the leser exciting line.

A B S T s S s r S~ T g
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In approximately ten porcent ~f these phot graphs the stimulated
Stokes line wea split into two couponouts separated by 0.35 X 0.15 e~
(Fig. 2) while tho laser exciting line itself rcoained single and charp.
Further study of the spectrun, with the euission reglon of the crystal
pagnific? 20 X (Fig. 3) and 100 X revealed the preoence of many reglors
of osc. Llation cach approximately 50 g wido and 190 to 150 u long. Thelr
cire wns governcd partly by the uultiple bean interfercnce fringes with
spacing 3 /(2n8) = 55 u, corresponding to the 10' tilt 6 boetwsen the
polished faces of the erystul, and perhaps alco due to inmperfect surfaces
or to the exiastence of many crystallites. (Spectra observed with a
tilted FaLry-Ferot interferoneter and 100 X magnification indicated that
thene regions sometines oseillated independently of ono another, souwe in
a single mode, others in two axial rodes, with the mnagnitude of the
splitting and the intensity ratio of éhe tvo modes varying from reglon
to region.)

The averuge node separaticn in our dianond resonator ic 1/(onl) =
1 cu~}, which is gpproxinately helf the norpal Ruuen dinewidth, linder
theoe coudiiiony {here chould be strong node-pulling, oo obrerved by
L

Panrenvald T in Hanen reconstors cf cuaris. lodo-pullding vould Lo expected

tc cecrcase the node seperation by the frctor (1= v /dv,) vhore vy is

-

the nornul Baren lincuddih and dvgy 1s the cavity linewidik defined in the
usuad vay 66 Gvg = w'/(2unl), vith «' the fractional pover doss, (-4,
at the cavity surluces. Jor ddeoal surfices vy ~ 0.3 cm‘l, hovover as
shovn by the widlh of the 1 nges dn Tig. 3, the value for our cryotcl

is approxzinately tulee this value, tkat ju fv, = 0.6 ci~l.  This vould

lead to o deercase of the node seperation fron a value of ~ 1 cr™) to

~ 0.7 cn“l. 5¥31) vonoevhat derger than the obacived sepoyations in the
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range 0.2 to 0.5 eu™l,  Further deercase could arise fror an abrorption

loss related to focuclug geometry or from ctronp elecetric-ficld interpe-
r .

tion cffects ns obreorved v gus losere?d vhon the cavity mode-cyrneing and

the norval (sprontoncourn) linewvidih are nlrost the satie, as in the precent

oxyerinent,

Intencity of Stokcs Radiation end ¥aman Gain

The obterved intensity of first-order Stokeec rediation and its
dependence on incident lecer intencity 1o choun in the graph of Fig. I,
At low lacer pover, norunal Rapan cnission was observed, end this in-
creased linesrly with dncrcusing lager powver  The thresliold for oseile
lation occurred at a leser pover of 1.05 Vi and Stokes intenslty increasced
sharply by a fuctor of about 106 for an dncreuse in Jaser pover to lo5 .
At hipgher lacer powers, saturacion set in oend further inercase reculted
in danege to the crystel.

The region of norsal Raran enmission 4s sliown in nore detail in
Fige S viich clenirly iddwsirates thie lineer dvercass of Stokes power with
increasing lasasr povwers  The pneasvred elope of thic graph wes uwied to
abtadn & vadue for the toln) Hunen scalierinig cfficiency 5, which is
defined o6 the ratio of the musber of scattered photons ab frequency
(procduced por nudt tioe por vnit croonescetional orca of eryuind in a
solid anle 1Y about the dircction of observatfion) to the nualer of

incident photons of Lrecuency o, crossing undt aren dn uwnit viso. %he

0
e-perdncntal value of 35 is given by (?Y’Po)(l/lﬁ), where P40 the Renen
pover for ihe whole Ianon dine sceoilered fnto the wodid cafls &y P i5

the corrcuponding laner power, ead L ods the path dengias A valuz of
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5w 2.7 x 1007 e~ or=l was obtained, huving an estimuted accuracy of
¥ 305, low § io related to dufdx, the rate of change of electronie
polarizability per unit cell with relntive displucenent of the atoums,

and according to 5u4th?® and Loudonl? i givon by

2. b
IhK ©q da!z :
s e Lo - e (n < 1)
2r.c1’pwo ax &

Here vy = 0, = 0. ic the Stokes mnguler frequency, w, 18 tho laser fro=-

©
queuncy and t. @ 1332 cn~lf{ N 45 the number of unit cells per unit voluae,

ny, is the Bose population factor (with n_, + 1 ~ 1 at roou teuperature)

)
and p is the crystal density. Frou the abeve velue of 5 we obtein de/dx
s 4,6 x 10'16 cn? per unit cell, for laser radiation propagating along
the [1li] axic of the crystal. This value is in good agreement with the
value 4,0 x 10'16 on® obtained by Annstasoniiis, Iwava and Buroteinld fron

cioeciric=-field~inducced infrared abiorption in diasond.

Tho Raman gain per unit length of active nmedium ic defined by

L R0l g
16”. C A7l.1.o

Hera,:y/is tho gealterding efficicney of redintion polurized in the eano
Pluna as the incideitl planoe polaryized luser radintiong; end equals S/(L +4),
where d (::{L/%y) in tho depolarizstion ratio; Av (en™%) is the full width
at half intonsity of the neras) Reann linegy n io the refroctive indew of
the nediuwa, I, is the dncident laser intonsity, and the reunining symiols
have thedr usurcl nenndngne  with the above experiientnl values of 5 =
r -7 -l a-l Y Iy H o] . )

2.7 x 077 en™ oy™t, d = 0.60 and by = 2,04 cu™ the Kangr gain in

. = S . < u¢7)-~ " ..l . . a o 2
dianond i6 caleulnted to be g » 6.9 x 10775, ca™ with I, in L.i/ca”.

Tnie valdus for the Wuavan gein deteriined cutirely froun the choroge

terdictics of the norindl Rermon opecbrwa con now bo tested with 4he obuerved
F3
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threnkold for oscillutien. As already noted in the Introduction, the
condition for oscillatlon threcheld 4a F oxp[ﬂg-a)h] = 1. The feedboek
factor I = reflcetivity = 0,173 the loss constant « was considerod to bo
neglipgible (since the odhserved scattering and aboorption losses at low in-
tensitics with ths ruby laser were &innll) and diffraction lossoes for such
a onall path length ure olao expected Lo be gnall relutive to g. Thus
the threshold condition reduces to ofb = 5,9 = 01’8. or gl = 1.8; that s,
at throshold g = 8.2 cu™). From tho above vulues, g = 8.2 = 6,9x20°3 Iy
the laser intenzity ot threghold would be oxpected to be I, ®1200 ¥i/en?,
Accordinpg to Tig. & the laser power at threshold as measured by
PH=- 48 1.05 Ki. The spatial intensity distribution of the laser and
Stokes radiation was investigated by taking near-field photographs (at
magnification of 20X) of th 1llunin.ted nrea of the crystal. The laser
beanm crosz~sectional area at the crysfal wos measurad to bo 0,37 nnl:
however, the area of raximum Intensity vas deternined to be 0.2 na? (by
interporing ncutral denusity filters in the beam) and this srea is shovn
in Fig. 3. Accordingly tlie loser internsity iucident on the eryatal &t
threchold is 1.05/0.002 ® 520 Li/cn®, The intensity vithin the crystel,
however, 15 rodificd because the crysted fores a resonstor. This behsviour
{56 cvident $n the near-field photogrophs (Mg. 3) of btoth the laeser end
Stekes radaetion, which show Interference fringes with opoeing = 55 3,
caunes by the slicht vedse betveen the podinhed faces of the eryeisl, For
such multiple-beon daterference, the frirge voxina have Intensity egusl to
thut of the Incident light, Y,y ond the nintme bave dnteredity [(1-9)/(1#32]2
£5 0,51, for dictond vith 170 reflectivity. Also, the finesse ® 1.5, thrt
g, the fringe width & conevhat deoa than the fringe cpeedng (Fig, 3).

At thresheldy only the intersily wrxinon, conprisning ot moot half the lescr
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boun aren at the cryufnl, vill be cffective in generating stimulated
Stokes radietion. Thercfore, according to thio wnalysis, the laser
fntensity at threshold is at least 530/0.5 or ~ 1200 Li/en®, Thic
apporently excelilont ngreement with the expected value of ~ 1200 ER/cn®
e, av doubt, foriultousy the experinental values of 5 and 5 have
accuracies of ~ 307 end intensity pealkes in the fringo maxina of the laser
rediation are indicntive of spatiel irntornogeneity in the laser beam, .In
opite of thouve uacertainties, the observed low ouscillation threchold in
diwzond sppears to be within e factor of rbout two of the value calculated

from the Nanen gadn g = 6.9 % 1072 I .
Angwluar Distributicn of Intensity

Cvwing to the thinuess éf the dfumond eryatel eveileble,cence focusing
of the dncident lager light vas nececuary to observe stimulated cmiscion,
lidth the use of & dong focn) length lens (f = 20 en) ond alrest parcllel
exndting redintion, the epionion concs of the first tlace orders of anti-
Stokes and of the cceond-order Stolicn radiction vere obrerved eleong with
the corresponding intencity mindea dn the diffuse first-ordar Stckes
enicslon.  The teasured velues of the core angles ere given 3n Teble I
end, for corpuricon, the vaducs crlendanted frowm Ige Y ore ineluded. Inm

-

these enleulntions tobulated viluen of the refrictive index over the
vavelengbh range L6 ? 1o 7505 9 vere voed®d, 1t 3o recen that the
eorecuont Lo very pood for eld of the oidssion engles olLoerved, cltlough
not o5 good for the Dlokes wlnirs which vere diffieuvdt to mecoures Ve
conclizle thnt juot es for cnlcite, the theory of the plone-wave phose

uateling conditicns 1s applicatle Lo dianond,




‘o intenclty dependent chnyg

-

e in cone engles waas cobserved at
incident lecer pover densities from threshold up to 2.5 times threshold.
Altiough arn intensitly dependence in the direction of maximun &nti-Stokes
intencity has been predicted by Bloenberpen and Sheng. the theoretical
change in cone halt-angle over this range is ~ 2 % 10~3 radisns. The
neceszity of uscing strongly convergent incident light (convergence angle
0.023 rad.) to cover thic intensity roznge, snd the ' -ondness of the anti-
Stokes ringe, make comparison with thecry inconclusive.

The cone ungles cre very sernsitively dependent on the angle of
convergence of the incident laser been coven at thresheld. A series of
experinents was cerried out in which the laser radiation was focuszed by
lenves of different focel lengths and then dncident on the diamond eryctal.
Focal lengths of 2.7, 3.3, 5.2, 9.8, 17.h, 26.0, 2).C and 50.0 en vwerc “sed
and, w«& befeore, photographs of the firct- end second-order wnti-Stokes and
of the second-order Stokes "rings'" werc oblalned. The correzponding angles
aro plotted agninet the reciprocal of the feeod length in Fig. 6. A linear
relation is evident for the anti-Stokes cone angles with tre ongles in-
c¢reacing s the focnd length bocomes shorters Thus GAS o 1/f. However,
the sccond-order Stokes cene anjles shou o conpletely difforent dependence

on focal length., The angle decrcasss eharply with shorter focal lenglths
and appears %o reach a lieiting value of ecbout G005 raliana.

In arother zorics of experincnts the depeadence of the cone ongles
on the aperture of the incldert rediatleon wes Investigated, A lens with
£ = 5,15 e wae used 4o focus the laser Lesm.,  Apertures of 1.0, 1.6, 1.9,
2., 2.8, and 3.6 na dianater were plneed in turn at the centre of ths

lous snd photographs of the ringn were obtaineds The results are shoun

) & «r

SR S 2o . -, S ® L atyry Wy ag } vy - - WS
0 a graph of pati-Glokes coue angle vevsus aperture dinmeler In Fige 7.




The resulte clearly indicete & linear relation Bpg < 4.

Thetie two sorias of experiments ceotanblish the result that the cone
angles of anti-Stokes emission depend on the angle of convergence of the
dncident exciting radiati-n. More precicely, the change in angle 15 given
by 40,5 = K(a/f) where L & a constent, a the aperture radius ard f tho
focal length. The firet unti-Ctokes come angles ere therefore given by
056 = 0,053 + K(a/f) where a/f dcfincs the cone angle of the periphery of
the converging laser beams This result implies that the wave veetor
relutions of Eq. 1 are rotated by the angle K(a/f) as shown in Fig. 8.

The nunerical value of ¥ is 0,9 X 0.2. |

According to the theory of the stimulated Raman process,anti~Stokes
rodiation is generated by terms of the form aagaa where wa is the
susceptibility ot wjy ¢+ @, and ¥, and E, are the elociric fields at @y and
©o = Wpe The goueration of anti-Gtokes radiation is coupled to Stokes
radiation and the direction of muximun intensity will depend on the
direction of paxipum intensity of laser and Stokee radiation. Cnce these
dircctions have becn established, the anti-Stokes cone anzles can e
deternlned froa the mozmentum matching condition.

All of our obscrvations can te explained in this way provided tuat
first-order Stokes radiation iz predoicinzatly in the forvard direction.
This condition was saticficd in our experiment; the dicszond was set with
polished feces approzimately perpendicular to the btoan wxis zo that when
¢it’ er parallel or convergent liglit was incidend ea the crystil, Stokes
radiation along the beam axic was favourud. ilso, spurious ecattoring of
Stokes radiation within the.cryctal cr at its surfaces onesured the prescnce
of StoYes rodletion et half-angles of ~ 69 to wne forward direciion.

when laser ond Stokes radiaticn interact to produce enti-Stokes

L3

|
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i
|
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eaission, that dirvection will Ve jreferred which makes use of intenso
Stekes radiation clengst to the reconaler axiee With e converging inci-
dent beoou it io pouedlle to couple to Stoles closer to the mnis and s5till
catisfy the ghase matching conditions, "This results in an increase in
anti-Clolies camission angle with &/f,up to the extrene case of anti«Stokes
ealscion at 0,053 + C.COL radlians (see Table I) and Stokes radiation on
axio. xperiuvents were performed to observe the behaviour of the anti-
Stokes emivsion at values of a/f greater than 0,064 (Fig. S). Convergence
angles of C.03) und 0.112 were uzeds In beth cuses the system vas sonre-
what 'confused" giving very broed emicsions. With a convergence angle of
Ce1l2 radicnes, tvo npoaxima were present in the anti-Stokes cmiszion. The
nore intense one corresponded to a cone angle of about 0,11 rad. (with
Stokes elong the axis), nnd the wecker ring correcponded to an nngle of
0.15 red. (with Stoken slightly off ex 5 snd leser radiation at the
periplery of the been).

The dependence of the second-order Stokes enisalon angle on con-
vergence of the laser teaw further illustrales the preference of the
higher~order 2oman cniccions te couple to Ltokes close to the rds. Tron
the wave vecher Qiczian in Pipe 8, it is seen that, with dnereasing angla
of the laser redianticn, first-order Siohes radintion claser to the awis is
effective in producing eccond-order Stoles enicsien., Housver,
anple decreases with inerecsing anzle of cenveargence o0f Yaner radielion,
It appeass to reaeh & Miciiing viluo of aboul 0467 rad (~ 0,226 - 0,043)

vith Stceles radisiion on axdo., This exnlalns the obuerved bebaviour

above explanation of the importznce of
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a lon; olit as eperture) is uscd to focus the laser beam, the "ring"
pattaorn will be replaced 1, "elliptiend" puticerne, the miner axis belng
deteruined by the cylinder exic (or widih of £lit). loreover maxiza eof
intenaity vill occur at the extremitics of the maljor axds produced by
converging Yight, eince the poin would be lergest for Stokes rediation
clesest to the beum exde. "Elliptical® patterns exhibiting these features
have been obuserved with caleite and with Clzss I rediction in liquidse°.
An cxunple of euch u jettern obtained by focusing with a ¢ylirndrical lens

in dirvond is shown In Fige 10,

Corclusion
The prescent investigation hes conbined the study of the stinulated
Renen effect in o solid with thre bchafiour of ¢ Rawmzn osclllatere 4s in
en carlier ctudy with liquid €, and Ny, the ctinulated Ramen offcct im
dicuond i 6inplificd by the ebrence of self-focusing end stimulated
Brilicuin ceadtoering. The experlientel rezulic are consietent with tleory.
Yhis slvdy of the engulir properlies of elirvlzled eulssion confiros the

cerdior resulls obinined vith czledtey end aterds our knouledpe of the

- ~ o e g P R AR S 2 2 15
precucticn of Clese I reliztion in Lwl‘h:;:D

kS AR E A s

C$ sloo, in this estudy, the velue of the inoon prin detercined from
tho veoourced crocuescetion =nd linesidth of noran) Uznan ceattering given

an euedYlation threshold shidich 16 in vercoernable aprooncent withk Ltz okscerved

valic.
e are prateful te bry d. My Orun for enuistonce vith o intenscity
peastresents end te Dro. e He Stolen apd V. SWiadizu Lo vilunbtle

Ciucuncions,
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Tabe I

Comparison of theoretical and experimental values of the

emizsion and absorpticn angles (in radians) observed in diamond

Emission Angles Absorption Angles
DB CEICERCE Expt. Theory Expt. Theory
Wy = 20y 0.116 0.119 (0.048)% o0.043
Wo + Wy .053 0053 0060 .061‘}
Wg ¥ 20y «103 .10k (.079) .071
wo + 30’1- 0158 0152 o ——— ¢079

aValues in brackets are measurements of weak and broad

absorption rings.
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Fige 8 Diagracs of changee dn () first-order anti-Stokes emiccicn

anzlo, and (b) sccond-order Stukes enission angle, with change

in direction of first.order Stokes wavhy vector ke

Fig. 9 CGraph of first-orler anti-Ctokes emicsion angle as a function

of converpganece angle of incidont lasor bean.

Fig. 10 Ulliptical anti-Stokes radiation pnttern obtained by focusing

»

laser bean with & cylindricel ens.
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Bigh~Speed Spectroscopy Using the
‘ [}

*
Inverse Raman Effect.

R.A. McLaren+ and B.P. Stoicheff
Department of Physics, University of Toronto

T ronto 131, Canada

‘'RACT

A method of obtainin; inverse Raman spectra over the range
1

of frequency shifts ~» 300 to 3500 cm © in liquids and solids in
¢ time of ~» 40 nsec is described. The stimulating monochromatic
radiation at 6940 % is provided by a giant-pulse ruby laser;
the backyground continuum is the short-lived spontaneous fiuores-
cence of rhodamine B or 8C excited by second-harmonic radiation
(3470 %) produced in KDP from a small part of the main Jaser

beam, thus ensuring simultaneous irradiation of the sample by

both bheams.

*This research is part of Project DEFENDER under the joint sponsor-
ship of the Advanced Research Projects Agency, the U.S. Office of
Naval Research, and the Department of Defense. Also supported by
the National Research Council, Canada, and the University of
Toronto.

+
BFolder of a National Rescarch Council of Canada Scholarship
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1.

When a molecular medium is irradiated simultaneously by in-
tense monochromatic light at frequency v,, and by a continuum of

higher frequencies, absorption occurs from the continuum at

L4

frequencies vy t vy wvhere Yy is a Raman frequency of the medium,

This phenomenon, known as the inverse Raman effect has been re-

ported by a number of authorsl-a; but its usefulness has been
severely limited by the lack of a suitable source of continu;m.

In order to observe this effect, a high electric field at fre-
quency v, is required, such as that produced by a giant-pulse ruby
laser. In addition, the continuum and the laser pulse must be co-
incident as they pass through the scattering medium; and, for
photographic detection, the continuum must last no longer than the
laser pulse. A good continuum must be broad enough to cover a

wide range of Raman frequencies v and sufficiently intense to be

M,
detectable despite _ts short duration.
Previous authors have used broad stimulated anti-Stokes Raman

1,2,3

emission and sparks4 as continuum sources, but neither ot

these has proved completely satisfactory. This Letter reports

the use of two fluorescing organic dyes, rhodamine 6C (2.0 x 1()_3 M
in methanol) and rhodamine B (2.0 x 1().3 M in ethanol) as continuum
sources. Both of these dyes absorb very strongly at 3470 3, the
second harmonic of the ruby laser emission, and both have intense
fluorescence bands extending from.~ 5600 R to ~ 6800 R. This is
sufficient spectral breadth to cover Raman shifts from 300 c,m-1 to
3500 cm"1 when the stimulating radiation is the ruby laser emission

at 6940 R, The fluorescence lifetime of rhodamine 6G has been

reported as 5.5 nSecs, sufficiently short tn provide good




coincidence with the laser pulse.

The experimental arrangement is shown in Fig. 1. A ruby
laser Q-switched by a rotating prism produc~d the stimulating
radiation at vy in a single pulse with full-width at half-
maximum of ~» 40 nsec and with energy equal to A~ 0.30 joules.
Approximately 3% of the laser emission was convefted to 2vL in a
crystal of phase-matched KDPF. Radiation at Vi and ZvL was ghen
separated into two beamésby a glass prism. The 3470 R radiation
was incident upoﬁ a 1 mm thickness of dye solution contained in a
glass cell. The resulting normal fluorescence continuum along
with the laser beam v, was then trapped by total internal reflec-
tion in a glass capillary cell containing the scattering liquid.
This ensured spatial coincidence between the stimulating radiation
and the continuum. The capillary cell had inner and outer dia-
meters of 2.4 mm and 4.0 mm respectively, and was 15 cm long; the
electric field inside the capillary was estimated to be

~l.2 x 105 V/cem. The exit end of the cell was imaged on the slit

~of a grating spectrograph having a dispersion of 10 R/mm. Spectra
were recorded on Kodak IF photographic plates and on Polaroid
film. With a slit width of 100 p, the intensity of the back-
ground continuum at larger frequency shifts was sufficient to
record spectra in a single laser pulse; however in the region of
smaller frequency shifts (i.e. longer wavelengths) several pulses
were required to accumulate sufficient continuum intensity.

Inverse Raman sﬁectra of diamond and of liquid benzene and
toluene have been photographed using the above technique and are

shown in Figs. 2 and 3. In Fig. 2a is shown the spectrum of the




continuum alone after passing througﬁ a 15 ¢cm path length of
benzene; in Fig. 2b is shown the spectrum obta.aed when both
monochrowatic and continuum beams traverse the beniene sample.

It should be noted that several weak vibrational bands are
readily observed, in addition to the intemse "C-H stretching"
band (which is the only one cbserved in this region in stimulated
Raman emissicn). Since the same matrix elements of the polariz-
ahility are invelved in the inverse Raman effect as in normal
Raman emiscion, the same selection rules relating to the statc of
polarization of the incident and scattered radiation apply. This
is demonstrated qualitatively in Fig. 2¢ which shows the effect
of various states of polarization of the monochromatic and con-
tinuum radiation'on the appearance of the strongly pelarized

line at 3062 cm-1 and its depoiarized neighbour at 3047 cm-l. The
laser emission v, Wwas plane polarized. 1In the upper spectrum the
continuum was unpolarized; the 3062 cm-1 absorption line is strong
while the 3047 cm-1 line slightly to the right of it is extremely
weak. In the middle spectrum, the continuum has been polarized
perpendicular to the laser polarization; the 3062 cm-1 absorption
is much weaker appearing equal to that at 3047 cm-l. In the bot-
tom spectrum the continuum has been polarized parallel to the
laser polarization; only the 3062 cm-1 line appears. In Fig. 3
are shown the spectra of benzene and toluene in the region of

the "C-C stretching” bands, and In addition the sharp band at

1332 cm-1

~5 X 10-2 cm2 of a crystal 2.4 mm thick.

of diamond obtained from a cross-sectional area of

The use of flucrescing organic dyes as sources of continuum



4,
F

has made it possible to photograph Raman spectra covering a wide
range of molecular frequencies in a time of 40 nsec. Such
spectra may be useful in the study of short-lived molecular
species and of transient phenomena, including for example, Stark
and Zeeman effects in pulsed electric and magnetic fields. 1t
should be possible to reduce the time to the subnanosecond range
and perhaps to A~/ 30 psec (and st.ll obtain a resolution of

~l cm-l) by using mode-locked lasers to produce the stimulating
radiation. This would, of course, necessitate an equally shor: -
duration continuum of high intensity, perhaps produced by a

mode-locked dye laser.

e
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In preliminary attempts to pruduce inverse Raman spectra the
beams were not separated and both beams were incident
on the dye cell. However, the presence in the dye cell
of the intense field at 2% greatly reduced the intensity
of the normal fluorescence making this simple geometry

imprac*ical., The mechanism responsible for this effect

is not understood.



Fig.

Fig.

Fig.

1.

2.

3.

FIGURE CAPTIONS

A schematic diagram of the apparatus.

Inverse Raman spectrum of liquid benzene in the region
of the C-H stretching vibration.
(a) continuum after traversing a 15 cm length
of benzene. (b) spectrum obtained when mono-
chromatic beam at v, snd continuum traverse the
liquid. (c) spectra sbtained when continuum is
unpolarized (upper), polarized perpendicular to
laser beam (middle) and polarized parallel to
laser beam (leower).

Inverse Raman snectra of diamond, and liquid toluene
an¢ benzene in thlie region of the C-C stretching

vibrations.
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